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SECTION I 

I NTRODUCTION AND SUMMA RY 

Preliminary parametric Btudiea were performed by GAC to establish 
aiase, weight and packaging arrangement a for aerodynamic docoJuratcr 
devices that could be used for recovery of the expended solid propellant 
rocket motors used in the launch phase of the Space Shuttle System, 

Computations were made using standard engineering analysis tech- 
niques. Terminal stage parachutes were sized to provide equilibrium 
descent velocities f^r water entry (V T « 50,100,150 fps) that are 
presently thought to be acceptable without developing loads that could 
exceed the boosters structural integrity. 

The performance characteristics of the aerodynamic parachute 
accelerator devices considered are based on analysis and prior test 
results for similar configurations and are assumed to be maintained 
at the scale requirements of the present problem. Weight relation- 
ships have been used which are based on the cube/square law of 
structural scaling, configuration geometry, material strength to weight 
ratios and empirical design and construction factors appropriate to 
the parachute configurations and operating environments of interest. 

Representative base-line designs were selected to as Jess the re- 
quirements for ancillary equipment weights, bulk and packaging .arrange- 
ments . 

The effect of variations in the total system recovery weight and 
terminal descent velocity on the terminal stage parachute weight axe 
graphically illustrated. 
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Preliminary analysis of an orientation system (uprlghting 
and stabilisation) has bean conducted to establish basic design 
and weights. Several inflation system candidates are presented 
for relative comparison and evaluation. 

The requirement for a refurbishment facility are presented 
and evaluate floor space and associated repair, and repack equip- 
ment, and a description of a refurbishment cycle. 

Finally a top level program schedule, hardware quantity require- 
ments, and cost has been created for a 445 launch operational schedule 
and associated Design Development, Test, and Evaluation program. 
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SEC TION II 
ANALYSIS 


A. Terminal Stage Size Requirements 

The aerodynamic performance characteristics for parachute 
decelerator devices appropriate to the present problem are 
shown in Figxirea 1, 2 and 3. Determination of the parachute 
size is obtained from the equation for equilibrium desert at 
standard sea level conditions which relates to.:al «v? 4 -v.: weight, 
decelerator size and terminal velocity bv -* 


D 


o 


32.7 

V T 


WT 


~h 


tst t\r c D( . 


X-t 


Wheres 

b Q is parachute reference (nominal) diameter, feet 

V<j» is system equilibrium descent velocity at sea-level, fps 

Wt is total system weight, pounds 

N is number of parachutes in a cluster 

b is an efficiency factor that modifies the performance 
^ of a single parachute when operating in a cluster 

Cp 0 is the parachute nominal drag coefficient when operating 
as a single parachute. 
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I For the relatively high canopy loadings (in the range of 3 

| to 30 psf) in equilibrium descent specified for the present 

applications, only ribbon or ring-slot type parachute canopies 
! exhibit consistency of performance that is insensitive to canopy 

| loading as shown in Figure 1. For this reason the ribbon-type 

parachute was selected for analysis. 

I 

Figure 2 illustrates the variation of the parachute per- 
! formance efficiency term (t\) as a function of the number of 

i parachutes in a cluster. Figure 3 presents data indicating that 

under the specified canopy loading conditions for the present 
| problem, the “decreasing factor" will have a value of about 

| 1.0. This factor is of importance in establishing the strength 

and consequently the weight requirements for the parachute 

I 

j decelerators. Under lighter canopy- loading conditions, it 

accounts for the deceleration of a system during the inflation 
time of the canopy and would generally permit designs that 
: require much less strength than that required to support a 

; "steady" load at the initial deployment conditions. This 

would not be permitted in the present application as indicated 
I by the trend of available data as shown in Figure 3. The means 

• for limiting the magnitude of parachute loads at particular 

deployment conditions for the present application will be by 

! 

? the technique of reefing. 
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Figure 4 presents a plot of Equation 1 for the descent 
velocities of present interest and for several values for the 
number of parachutes in a cluster. The data of Figures 1 and 
2 were considered in developing Figure 4. As noted on this 
figure, as the number of parachutes in a cluster , exceeds 9 and 
the size of the parachute exceeds a nominal diameter of 135 
feet, a higher technical risk for development must be expected 
since such configuration arrangements have not been practically 
demonstrated . 


B. Parametric Weight Analysis 

It can be shown that the weight for any structural device 
subjected to aerodynamic pressure loads (where minimum gage 
material thickness is not a limiting consideration) is related 
to the magnitude of the pressure loading, the cube of a charac 
teristic reference dimension, the strength to weight ratio of 
the materials from which the device is manufactured, and the 
configuration geometry in relation to supporting the load, in 
terms of the several parameters, the weight relationship for 
a parachute system is - 



(D.F) (N) (X) (R) (ri> (C D ^) (S Q ) < p $ o )(i0 
(0.335) (C.F) c (^ ) (A) 1 

Cn i 


(C.F. ), 


( 1 s/D 0 


K, 


( 2 ) 


+ 
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V 
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For parametric analyses it is convenient to express 
equation (2) in the form of a weight fraction of total 
system weight as - 



or mm 

1 

r 

W P(N> = m p V / F N 

% 

* n 

1 (C.F.) 

w T (d.f.hf) 

W T 

o 

( K 


L» * r n c o 0 s oJ 

g's 

L 


ds/D o ) 


+ 


(0.168) (C.F.) c ( ^ 5 


n 




(3) 


It will be noted that the first bracketed quantity on the 
right-hand side of equation (3) corresponds to the loading 
conditions in terms/g's imparted to the system. It is thus 
convenient to relate this quantity in terms of the design 
maximum g-loads imparted to the system. 


The several factors and coefficients of equations (2) and 
(3) are (with representative values appropriate for the 
selected ribbon- type parachute configuration) - 



w„ 


D.F. 


F 


weight of (N) number of parachutes, lbs. 

Total recovered weight, lbs. 

Overall design factor including a margin of safety 
of 1.5? * 2.5 

Factor to account for overloading of leading chute 
in a cluster; » 1.32: or opening shock factor for 


~6 


drogue parachutes; = 1.5 
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q Q - Dynamic pressure corresponding to maximum design g 
load imparted to system, e.g. at chute deployment, 
dis-reef or full-inflation stages. 


N - Humber of parachutes in a cluster. 

X - Decreasing factor; = 1.0 (see Figure 3) 

R - Parachute reefed to full inflated drag area ratio. 

Y{ - Parachute cluster efficiency factor (See Figure 2). 

C_ - Parachute nominal drag coefficient; = 0.5 for main 

0 

parachutes, = 0.55 for drogue parachutes (see Figure 1) . 

IT 2 2 

Sq - Parachute nominal reference area {= ^ D q ) , FT 

D Q - Parachute nominal reference diameter, ft. 

(C.F. )^ Construction factor for parachute suspension lines; = 
1.05. 


(1s/D q ) Ratio of parachute suspension line length to parachute 
nominal diameter; « 1.5 for main parachutes, = 2.0 for 
drogue parachute 

5 

- Suspension-line material strength to weight ratio; = 10 ft. 
(C.F.) Construction factor for parachute canopy accounting for 

G 

seam overlaps, thread, re-ihforcing, etc.; * 1.3 



K, 


Ratio of local (maximum) canopy pressure coefficient to 
nominal drag coefficient; = 2.0 

Ratio of canopy geometric cloth areas to nominal reference 
area; =0.9. 

5 

Canopy material strength to weight ratio; = 10 feet 

(for ribbon construction) 
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Evaluating equation (3) 
above where - 


for the numerical values indicated 



There is - 

for the main parachutes 



6.5X10 


L g K d o) 


mains 


(4) 


for the drogue parachute 



9.83 X 10 


-5 


M(°o) 


drogue 


(5) 


Relationship (4) is used in conjunction with equation (1) 
or Figure 4 to establish the presentation of Figure 5 at a 
design load of 4 g's for the main parachutes. 

Figure 6 illustrates the trend of recovery system weight 
fraction of total recovered weight as a function of design g-load 
for the main parachutes for representative recoverable space- 
shuttle booster applications. The ordinate scale has been 
adjusted by referencing the designs to their respective weight 
fraction value at the level of 4 g's. It can be seen that when 
a drogue deceleration stage is used the 4 g-design level for 
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the mains will result in a nearly optimum minimum parachute 
recovery system weight. Some improvement in recovery system 

***** 

weight can be realized with a drogue stage and 2-stages of reefing ^ 

employed with the main at higher design-g-load. It is implicit, 
of course, that the basic booster (possibly using drag-flaps) 
would provide the proper deployment dynamic pressure conditions 
for the drogue. 

To establish the size requirements for the drogue parachute 
it is necessary to determine the acceptable loading conditions 
at main parachute deployment. These are established as follows: 


MAINS 

AT 4g DESIGN LOAD 


'SL (fps) 
MAINS 

q T 

(psf) 

1 STAGE 
REEFING 

2 STAGE 
REEFING 

50 

2.975 

47.6 

190 

100 

11.89 

190 

650 ( 3. 78g' s/STAGE) 

150 

26.8 

430 

650 (2. 5g' s/STAGE) 


It is appropriate that the drogue plus booster drag area 
provide a value for the terminal ballistic parameter that is 
at least 0.9 the permiseable main parachute deployment dynamic 
pressure, to assure deceleration to the required hand-off con- 
ditions within acceptable time and distance scales. The 
corresponding drogue deployment g's at a Mach number of 1.2 and 
altitude of 20,000 feet (q = 650 psi) are - 

i 
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g* 

s 




AT DROGUE 

DEPLOYMENT 

Wp DROGUE (Eq 5) 


1 STAGE 

2 STAGE 

1 STAGE 

2 STAGE 


MAIN 

MAIN 

MAIN 

MAIM 

^TmAINS 

REEFING 

REEFING 

REEFING 

REEFING 

50 

14.28 

3.58 

1.40X10“ 3 W T 

3.5lXlO“ 4 W T D od 


(3.66-with 
1 stage of 
drogue 
reefing) 


(3?$9X10" 4 W t 

D od^ 


100 

2.9 

Drogue not 
Required 

2 . 85X10** 4 W T 

*** 

150 

0.768 

Drogue not 

0.767X10“ 4 W t 




Required 

D od 



For the single booster configuration the calculated drag 
area is 222 ft 2 and for the 3 unit assembly 763 ft2. The rela- 
tionship for establishing the drogue parachute diameter is thus - 


D od " 




^Booster + 
Drogue 



( 6 ) 


Equation (6) can be substituted in relationship (5) and the 
drogue parachute weight can thus be determined directly in terms 
of the total recovered weight. 


A riser line will usually be required to position the drogue 
parachute canopy at a distance aft of the booster base to assure 
adequate drag effectiveness. Experience has shown that for 
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"i 


y 


drogue diameters equal to or greater than the forebody base dia~ i 

meter, a position 6.5 forebody base diameters aft will be adequate. 

The relationship for the riser line length used for the present ***%. 

analysis is thus - 

I R « 6.5 dg - 2 D 0 /j ( 7 ) 

The riser weight is obtained from - 

W R = (D.F. ) (F) W T [G] • (1r/K;l) (B) 

Where the terms and values are the same as those defined for re- 
lationships (3) and (5). 

Figures 7, 8 and 9 present the combined drogue parachute and 
riser weight versus total recovered weight for the three desired 
terminal descent velocity conditions of interest and various com- 
binations of main and drogue parachute reefing. 

Figures 10 through 15 present the corresponding weight for 
the main parachutes. 

Using the developed figures, representative recovery system 
characteristics are presented in Table I to assess requirements for 
ancillary equipments and packaging arrangements. 

For reference purposes, terminal velocities of 50, 100 and 
150 Ft/Sec will be referenced as A, B, C for Configuration I and IT. 
Configuration II at 50 F/Sec has been eliminated from further con- 
sideration since parachute size is beyond the state of the art. 


- 11 - 


CM 

r* 

o 

CM 

o 

CM 

W 

n 


u 


w 


4 


08 

Q g 


M 

§ 

a 


tn 


* ^ 


►3 ji 

w * 

>* 


w< 

£ 


H 

h 

$ 


M 


8 


O 

S3 


in 

io 


co 

in 

«: 

CO 


O 10 
ro 


O 

CM 

00 


O 

O 

o 

% 

o 

10 

rH 


O 

in 


cn 

t 

CN 


O H 
'U* 00 


O 

O 


m 


co 

u> 

r<> 

• 

o 


O CO 
cm in 


H|l0 «H|0 


O 

m 

rH 


u 

H 


3 

H 

« 

M 

(0 


CO 


w 


it « 

< S3 

S p 

3J S3 

8 

rt 

8 

< 

8 

< 

w 

(9 

< 

6-i 0 

H o 

Eh 

Eh 

B 

Eh 

0) S3 

(A S3 

(A 

(A 

CA 

CA 

CM 

rH 

rH 

H 

CM 

H 

o o 

O O 

O 

O 

10 

• 

O 

m in 

<n m 

CO 

m 

r- 

in 

(H 10 

rH 10 


<0 

<*• 

0 


w 

$ 

s 

(0 

CM 


o 

m 


cn o 

ts» ^ 

Ol 


O 

m 


H 


in 

CM 

r- (H 







C* 

O 

o 

O 

o 






S3 

00 

o 


o 

o 

in 

O 

in 

o 

O 

rH 

o 

in 

n- 

in 

r» 

in 

co 

h> 

u 


* 

ft 

% 

in 

iH 

CM 

in 

o 

, w 

rH 

in 

oo 

r** 

in 

CM 

CO 


CM 

d' 

r.ft 

rH 

CO 


rH 






K 

(A 






O 


o 


8 

o 


o 



O 


o 


M 

o 


o 



o 


o 


U 

o 


o 



% 


i 



% 


* 



in 


o 


Eh 

in 


o 



in 


in 


H 

00 





rH 


rH 


r 

in 


in 



o 

o 


cn 

H 

M 


o 

in 

10 


8 

Eh 

w 


o 

CO 


5 


00 

2 <n 

in 

0 

3 P* 

** 

r- 

3 • 

* 


H 

rH 

o 


00 CO 
CO 00 


H|0> rH|C\ H|C0 


o o 
0 
oo | m 

CO! rH 
|H 


o 

o 

o 


o 

CM 

LO 


o 

in 


u 

H 

H 



- 12 - 


♦Loading conditions are defined to be balanced at each stage 
of operation. 
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C. Pilot®, Riser®, Mortars ' 

Along with the drogues and main parachutes, additional compo- 
nents are required to deploy these devices into the airatream. ***•% 

Previous experience has shown that the roost suitable method lor 
this application is to utili > pilot parachutes to deploy the drogue 
and clusters of main parachutes. The pilot parachute will be deployed 
using a mortar device to eject it into the airstrearo. The following 
sub-sections present the criteria associated with pilot parachute, 
riser and mortar design criteria. 


PILOTS 

The pilot parachute is si 2 ed to provide an extraction force 


which will limit snatch forces of the parachute being deployed. 
Experience has shown that 10 g's acting on the packaging being 
deployed should be used as design criteria. The required extras 
tion force is equated to be: 


F EXT “ W PACK * G ' S * 


( 9 ) 


where: 

f EXT ~ Extraction Force 

W PACK = height of Package 

G'S = Extraction Acceleration 

the parachute size is related to this force by 

Tr 2 

f EXT “ 9 c p A ~ TT D o (10) 

where q = free Btream dynamic pressure 

Cj) = Drag Coefficient 




i 
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A * Reference Area « TT/4 D Q 

D * Nominal Reference Diameter 
o 


Figure 16 relates pilot D Q to the extraction force for 
a C D B 0,55, 10 g's f and dynamic pressure of 47.6, 190, 430 
and 650 PSF that are associated with drogue and main deployment 
conditions. 


The weight of the pilots i,^ given by 

W p * «5.5 X 10~ 5 (G's) (W pack ) (D q ) (from Equation 4) 

Figure 17 shows pilot weight for varing diameters and 
four deployment dynamic pressures. 

Based on weights for the drogue package and main packages, 
specific pilot size and weights have been defined for the two booster 
configurations and associated terminal velocities. This data 
is presented in Table n. 


Risers 

Parachute performance is dictated by two criteria. For single 
or clustered canopies, it is necessary to place the leading 
edge (shirt band) at a distance approximately 6.5 times the base 
diameter (max diameter) of the payload. For Configuration I and IT 
the distance is 105 and 234 ft respectively. The riser length 


required is 


l R " X “ L S 


i 
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Where L R - riser length (ft 

X » (6.5) (Base Diameter) (ft) 

L c ** Suspension Line Length (ft) * 1.5 D 
s u 

The riser length can be obtained directly from Figure ia 
when the parachute D Q is known. 

In addition to wake factors, for proper clustering, riser 

length is dependent upon the number of canopies in the cluster 

and the relative size of the canopies. This criteria has been 

summarized in Figure 19 from Engineering Design Handbook - AMCD- 

706-130 for cargo delivery systems. For relation to this study, 

the data has been referenced to the nominal parachute diameter 

(D Q ) . The riser length required when 1.5 D q suspension lines are 

used can be obtained directly as a percentage of the parachute 

D . For clusters of 6 and 9, optimistic values of this ratio 
o 

are 0.25 and 0.65 respectively. 

Riser weight is given by 

L r 

W R « (D.F.) (X) (W p ) (G'a) (jp) (12) 

When D.F. * 2.5 - Design factors 
X 1.1 - Opening Shock 

G's * 10.0 

K « 10^ Ft strength to weight ratio for nylon 
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W R - 2.75 X 10“ 4 (W) <L R ) 


(13) 


Riser lengths and weights for the pilot parachutes 
can be foun i in Table IT. 

For this main parachute the riser strength is given by 
Equation 12 except the X factor will reduce to 1.0 and 
G's = 4.0. 

W -10' 4 (W)(L) <14 > 

mains 

Riser lengths and weights for both pilots and mains is 
presented in Table II for the respective sizes specified. 

Mortar 

The mortar size and weight is dependent upon two basic 
criteria* 

1) Mass to be ejected 

2) Muzzle velocity at mortar exit 

The mass dictates the volume requirements and the 
mass and velocity provide strength requirements when the 
ejection energy is considered. 

The mortar system deiined in this report uses the Viking 
system mortar as a base of comparison. For its known weight, 
dimensions, ejected mass, muzzle velocity and internal pressure, 
scaled up criteria has been created for the booster recovery 
requirements. For a known ejected weight, mortar weight can bo 
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obtained directly from Figure 20 for a muzzle velocity 
of 2S0 ft/sec. , factor of safety equal to 20 and a length 
to diameter ratio of 3.0. The weight variation associated 
with changes in muzzle velocity are reflected in Figure 21 

Using these two figures and muzzle, velocities of 105 
and 234 ft/sec for Conf I and II respectively, mortar weights 
for respective pilot sizes can be found in Table II. 

Mortar size is dependent upon the mass to be ejected. 

3 

For an assumed packing density of 35 pounds/ft , and an L/D = 
3.0. The mortar diameter (D^) can be shown to be 


m 



(15) 


and length is 


m 


.690 



(16) 


Mortar sizes have been established for the pilot parachute 
systems and is shown in Table II. 
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Orientation System 

Orientation Device 

The orientation device system is designed to rotate the 
booster after it is laying in the water to one of four roll 
positions. In each of the four positions a radio beacon and 
a flashing light will be visible from any approach direction. 
Positioning is accomplished by inflating 4 rows of inflatable 
spheres attached to the outside of the booster. The rows are 
located 90 degrees apart around the circumference. The locating 
beam and light are 180° apart from each other. The beacon 
and light are 45° from two of the rows of spheres# Figure 22. 

Preliminary calculations indicated the water line will be 
2.5 feet up for Configuration I and 4.0 feet up for Configuration 
II from the bottom of the cylindrical part of the booster and 
the booster will lie nearly level in the water. The minimum 
internal pressure necessary to maintain the shape of the spheres 
at a nominal depth of 4 feet is determined from the hydraulic head 
at the bottom of the sphere when it is underneath the booster, 
Figure 23. 

The number of spheres of various diameters required to 
prevent the booster from rolling over in a sea state 4 condition 
with the row of spheres tending to right the booster completely 
submerged is presented in Figure 24. 


I 



I 
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Figure 25 presents the total weight of all four rows of 
sphere as a function of sphere diameter. This weight does not 
include the weight of the inflation system. 

The results indicate that the 2-foot diameter sphere system 
is the lightest weight system, requiring 13 spheres in each row 
for Configuration I and 68 spheres in each row for Configuration II. 
Each row for Configuration II is 136 ft. long which seems impractical, 
and the larger numbers of spheres require more inflation hardware. 
Thus, it is recommended that two 3.6-foot dia. spheres per row 
be used on Configuration I and four 5-foot dia. spheres per row be 
used on Configuration II. The numbers recommended do not include 
allowances for damaged spheres. 

Although spheres have been indicated in the above discussion, 
attachment considerations may result in modified configurations 
such as short cylinders curved about the booster periphery. Optimum 
longitudinal location of the orientation devices has not been 
determined at this time. 
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Inflation System 

The orientation system# main parachute and drogue parachute all 
require inflation systems for their flotation bags. The three 
systems are essentially the same for Configuration I and II except 
they vary in size and weight. The preliminary requirements for the 
three systems are: 

Inflated volume orientation system 

Configuration I 49 cu ft at four positions 

Configuration II 262 cu ft at four positions 
Inflated volume main parachutes 

Configuration I 5 cu ft for each of six parachutes 

Configuration II 15 cu ft for each of nine parachutes 
Inflated volume drogue parachute 
Configuration I 11.4 cu ft 

Configuration II 60 cu ft 

Inflated pressure 6 psig all units 

Inflation initiation 

Orientation system - after water impact 
Drogue and main parachutes - after parachute deployment 
Inflation time - not critical up to 5 minut<?s 
Inflated life per cycle - 24 hours 
Maximum storage temperature - 065 to 160°F 
Maximum temperature in flight - +225°F 
Deployment temperature limits 

air (ambient) 40° to 95°F 

water (ambient) 50° to 80°F 


There are many candidate inflation systems that would meet the 
above requirements. Representative types are listed in Table in 
The systems shown in the table are not necessarily designed for the 
proposed system but the trends shown in the table are characteristic 
of each system. With this data and the selection criteria of high 
reliability and minimum development cost the possible system types 
can be reduced to either a gaseous nitrogen or gaseous nitrogen - 
carbon dioxide. Since weight is an important factor the potential 
system types can be reduced to a simple system, gaseous nitrogen 
carbon dioxide. The selection of this system type is tentative and 
must be reviewed in depth as additional design data becomes 
available and the selection criteria is specifically defined to 
meet the overall program philosophy. 

Each of the gaseous nitrogen - car' on-dioxide systems would include 
5000 psi gas storage cylinders, initiation valve, check valve or 
each bag for multiple bag systems, pressure relief valve, pressure 
regulator valve, recharging valve and associated plumbing. The 
storage cylinders are sized to provide make-up pressure for the 24 
hour inflated life of each system. 

The tentative weight for each inflation system is given in Table. IV 

TABLE IV INFLATION SYSTEM WEIGHT 



Configuration 


I 

II 

Orientation system 

120 LB 

640 LB 

(unit weight X 4 units) 



Main Parachute (ea) 

15 LB 

20 LB 

Drogue parachute 

18 LB 

40 LB 
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E. Sequencing System 

A typical logic circuit schematic for a sequencer is presented in 
Figure 26 for reference only. This circuit is for an aerial retrieval 
type system and starts at a higher altitude than would be used for « 

the present program. This typical recovery logic circuit consists 
of relays, barometric switches# pyrotechnic devices# resistors# 
diodes and associated electrical hardware. Two redundant# electrically 
isolated circuits# are used# although only one Is shown in the sketch. 

The circuitry also provides additional reliability by including cross*- 
overs between sequence channels. The recovery system is armed by a 
signal from the missile logic circuit# which energizes relays K1 and/ 
or K2 in the recovery section. Then the signal from the missile logic 
circuit initiates booster separation and/or removes th;'. recovery 
system cover. 

The drogue chute or drogue pilot is mortared during missile descent 
when the barometric switch senses 30 #000 feet attitude. The mortar 
circuit is initially locked out until the recovery system is armed 
and the vehicle is safely above 30,000 feet. The baroswitch is shown 
in the "less than 3o#000 feet" position# and the open contact SQ9-3 
prevents mortar firing. During vehicle flight above 30,000 feet, the 
baroswitch will be in the normally open position; if the recovery system 
is armed, pyroswitch SQ9 will be energized, closing contact SQ9-3, 
thereby enabling the mortar circuit. Upon descent to 30,000 feet, the 
baroswitch re-closes and fires the mortar cartridge initiator deploying 
the drogue. 
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After a half-second delay, the cartridge initiator circuit is 
cleared when SQ11-3 opens. At this time, SQ11-4 closes and a 
20** second time delay (SQ-13) is energized (20 seconds is an 
approximate time for drogue chute operation prior to main chute 
deployment) . 

After the time delay, contact SQ13-3 closes and a heat shield shaped 
charge detonator SQ5 is energized. The heat shield is thus severed 
from the recovery section. Since the drogue is attached to the heat 
shield, which in turn is attached to the main chute deployment bag, 
the drag from the drogue parachute thus pulls out the main chute. 

The circuit redundancy is illustrated in the sketch below. 


Further reliability is achieved by employing cross-overs between 
sequence A and D, as illustrated by the use of contact K2 in sequence 
A and contact K1 in sequence B. By cross-over implementation, the 
operation of one sequence will not be completely lost if an early 
event is not obtained. 
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Each sequence has its own power supply. The choice of batteries 
will be deter., lined considering the test facility requirements. The 
voltage and capacity rating will also he determined at that time and 
will be based on the recommended fire currents of the pyrotechnic 
devices, their resistance, circuit contact resistance, wiring 
resistance, current limiters and internal battery resistance. 

The recovery section will contain a test, safe and arm connector as 
indicated by J1 on the sketch. Battery leads are also routed through 
an internally available connector for charging and checking the 
batteries. 

To aid in locating the booster when it is in the water two radio beacons 
and flashing lights will be located 180 degrees apart on the body of 
the booster. The sequencer or mini-computer initiates the water 
retrieval aide system either at the start of recovery or water impact. 

The radio beacon can be ordered for the desired frequency. A W wave 
stub antenna or flush antenna which operates on or near the standard 
Mayday frequency (243 MHz) is typical. 

The flashing light emits flashes of 500,000 lumens intensity at the 
rate of 20 to 30 per minute and it and the beacon will operate for 
hours on its own power supply. The duration of operation is a function 
of the battery furnished for the system. 
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F. Recovery System Weight Summary 

Presented in Table V are weights for the Drogue, Main, and 
Orientation Sub-Systems. The weights are not the totals for. 
the complete sub-system package but only those parts which 
have been defined in the proceeding sub-sections. Component 
weights which have been omitted are described in the foot 
notes at the bottom of the table. 

The total weights which are presented are the assumed maximum 
anticipated and are obtained by applying experience factors 
to the weights for the mains and drogues. 


More accurate total system weight estimates can be obtained 
after additional components have been established. 
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SECTION III 
CONCEIT’ DESIGN 

A. General 

The parametric analysis as described in the proceeding section 
has provided basic sizes and weights for the primary components of 
the parachute recovery system required for proper deceleration to 
the desired terminal velocity conditions of 50 # 100# and 150 Ft/Soc 
for both the parallel burn Configuration I and series burn Configura- 
tion II. Presented in Figures 27 and 28 are dimensional charac- 
teristics of Configuration I and In Figure 29 and 30 those of Config- 
uration II as specified to Goodyear Aerospace Corporation by Thiokol 
Chemical Corporation. Presented in the following subsections arc 
the deployment sequence for the recovery system and the preliminary 
approach to the packaging and stowage of the parachutes and mortar 
portions of the recovery system. 

B. Deployment Sequence 

Presented in Figures 31 , 32 , and 33 are a schematic represent a 
tion of the a r .» icipated recovery sequence for the Configuration l 
booster (2 required per launch) for a 100 Ft/Sec impact velocity. 
Figure 32 depicts the ejection of the drogue/pilot parachute from 
its mortar. The mortar imparts kinetic energy to the packaged 
pilot# sufficient to fully extend the pilot and its riser. As the 
bag detaches, the pilot is permitted to inflate, and in turn extract 
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the drogue parachute from its compartment, As the drogue bag detaches 
the apex of the drogue, the drogue Inflates and deeolorat.es the 
booster to a condition compatible with main parachute deployment 

Because of the Instability of the booster, prior to drogue deploy, 
it Is assumed that a three logged bridle will be required lo transfer 
load into the booster structure. This method will provide a straight 
line pull through the booster centerline. 

After a predetermined time on the drogue, (compatible with proper 
deceleration to the main parachute deployment conditions) each leg 
of the drogue bridle will be severed at the vehicle with a pyrotechnic 
release mechanism. The drogue will separate from the booster. Shortly 
after separation 2 additional mortars will bo simultaneously fired 
and each eject a main/pilot into the airstream (figure 32). These pilots 
will inflate and each extract a package containing a cluster of three 
main parachutes. As the main bag detaches the canopies apex, the para- 
chutes will inflate to a reefed shape (figure 33). After a prede- 
termined time, reefing cutters initiated during the bag stripping phase, 
severes the first stage reefing time and permits the canopies to in- 
flate to a larger drag area. After an additional predetermined time 
this second stage of reefing is also severed, permitting the main 
parachute to fully inf late (figure 33) and achieve final deceleration 
to the desired impact velocity. Each cluster of three parachutes will 
have a single attachment point at the periphery of the booster base. 
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Although not shown, those main parachutes will disconnect iron, 
the booster at water inpact. Flotation balloons inside the 
parachutes will inflate and location aid initiated for recovery and 
subsequent refurbishnent of the nain parachutes. A sinllar event 
is anticipated for the drogue. 

Additionally, the booster orientation and location systen (beacon) 
wlu be actuated and properly position the booster for acquisition 

and recovery. 

„ Of events will occur for the Configuration II 
A similar sequence of events wui 

booster as depicted in Figure 34, 35, and 36. The primary basic 

difference is that three main/pilots must be deployed to extract the 

three clusters of three main parachutes (Figure 35). Each clus-e 

will attach at the booster base and be 120 apart. 

C. Packaging/Stowage 

Conf iguration X 

presented in Figure 37 is the presently anticipated approach 
to pachaging of the Pilot mortars, drogues, and main parachutes, 
in general the base diameter of the booster has been increase, 
by approximately thirty inches and this diameter extended forward 
approximately 45 inches. A cone frustum will connect the 
basic booster base, to the 225 inch cylindrical section. 
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This increase In base diameter Is required to provide a 
straight line extraction of the drogue and main parachute package. 
The general sizes depicted for the drogue and main stowage com- 
partments is approximately to scale for the weights presented in 
Section II. 

Although not shown, the reaction loads of the mortars and 
deceleration loads of the parachute will be transferred into the 
basic booster structure through added metal structure. 

It is presently assumed that the inflation system for the 
orientation system will be housed within the flare portion of 
the aft skirt. 

Shown in Figure 38 is slightly more detail of aft end of 
the booster. Drogue bridle stowage and "hard point" load transfer 
locations are depicted. 


Configuration II 

Figure 39 presents the general approach for storage of the 
recovery system components. The "Clover Leaf" must be motiiliod 
to provide stowage volume for the three groups of main para- 
chutes, and their pilots and mortars. The drogue parachute 
and its pilot and mortar will be placed at the center of the 
three nozzles. It is assumed that the nozzles will be positioned 
at a zero angle prior to drogue/pllot mortar fire. 

The shapes of the main packages have been established to provide 

a minimum increase in base area. 
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As with Configuration I additional structure will be required 
to transfer load from the mortars and parachutes into the 
basic booster structure. 

Additional volume at the aft end or some other position along 
the boosters length can be used for orientation system and inflation 
system stowage. 

Figure 40 provides more detail of hard point locations and 
drogue bridle routing for Configuration II. 


SECTION IV 


REFURBISHMENT AND TURN AROUND 


Configuration I-B 
A. Introduction 

This refurbishment plan is based on the use of 12 each 81 Ft D Q 
main chutes; 4 each 20 Ft D Q pilot chutes (main); 2 each 40 Ft 
D q drogue chutes; 2 each 9 Ft D Q pilot chutes (drogue), for 
each mission. 

The assumption is made that 10 of the 12 main chutes will be 
refurbishable; that both drogues will be refurbishable; that all 
pilots and deployment bags are expendable. 

Additionally it is assumed that all rigging and packing will 
be accomplished as part of the refurbishment plan. Thus: 

10 Mains refurbish, rig and pack 
2 mains new, rig and pack only 
4 pilot chutes (main) rig and pack only 
2 drogue chutes, refurbish, rig and pack 
2 pilot chutes (drogue) rig and pack only 


B. Scope 

The scope of this plan includes off-loading of the recovered 
parachutes on the dock of the refurbishment facility through the 
parachute packing cycle and return to inventory awaiting delivery 


to the mission vehicle. 


Requirements 

The facility floor plan and equipment requirements are presented 
in Figure 41 *:nd Table VI respectively. With certain notable 
exceptions the required equipment is comprised of "off the shelf" 
items. Where these exceptions exist they have been annotated tbd 
(T o Be Designed) 

Refurbishment Cycle 

The following is a "walk through" in operation sequence from off 
loading through parachute packing, describing the planned methods 
and identifying the equipment, used for the main parachutes. This 
cycle is also presented in Schedule format in Figure 43. 

1. (a) Remove chutes from transportation containers. 

(b) Engage hoisting hook through apex bridle. 

(c) Remove flotation gear. 

(d) Hoist each chute (of a cluster) and separate into 
individual chutes. 

(e) Untangle and defoul suspension lines 
Equipment: 

Electrically operated hoist, individually motorized, 
tracked to an over head monorail. Monorail will be of 
closed loop design. Ref. Figure 41. 1 hoist required 

per chute. 


If 


TABLE VI FACILITY AND EQUIPMENT REQUIREMENTS 
Basic Facility: 

V, 

400 Ft X 420 Ft, 100 Ft high (168,000 Ft 2 ) 

Overhead lighting. 60 Ft candles 

Environmental controls. 75° ± 10° (F) and 50 ± 20% R.H. 

Air and electric outlets. 95 psi, 11Q/220/440V 
Shop vacuum 

Equipment : 

Fork Lift 1 required 

Overhead monorail system. Race track design with individually 
motorized, Electric hoists. 1 hoist required per parachute. 

3 

Washing containers. Volume of approx. 500 ft . 3 required (TBD) 

Drying room/ oven: Gas fired, floor ducted, forced air to 

maintain 160° to 180° (F) . 1 required 

Drop off table 220’ x 10' (approx). 1 required 

Inspection table 80* x 6' (approx). 1 required per chute 

Work table 70’ x 18' (approx). 1 required per chute 

Packing table 150* x 6' (approx). 1 required per chute 

Conveyor belt extension 50' x 6' (approx.) 1 required per chute 

(TBD) 

Electric winch, reversible: capacity (to be determined) 

1 required per packing table 
1 required per inspection table 
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TABLE VI - (Con t) -FACILITY AND EQUIPMENT REQUIREMENTS 


Sewing Machines: 

2 each heavy duty Singer No. 97-10 

3 each heavy duty Singer No. 114-204 
3 each heavy duty Singer No. 144-204 

3 each repair table Singer No. 111W-153 
3 each repair table Singer No. 107W-3 
3 each repair table Singer No. 17W-15 

Overhead traveling crane system 
Parachute packing press and fixture 

1 required per cluster of main chutes (TDD) 
Drogue and pilot chute packing press and fixture 

2 required (TBD) 

Y-Bar, floor stand mounted 

2 per table inspection 
2 per table packing 
Suspension line combs 

1 per packing table (TBD) 

Tape Recorders 


(TBD) To Be Designed 
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2. (a) Move hoist and chutes into wash area {3 at a time) 

(b) Lower chutes into individual washing tanka 

(c) Soak in fresh water, air agitated. 

Equipment : 

3 

Three containers approx 500 Ft each 
Fresh water supply 
Water drains 





3. (a) Move hoist and chutes into drying room. 

Dry in elevated temperature environment (160°-180°F 
Equipment : 

Forced air, floor ducted, gas furnace 

4. (a) Move hoist and chutes to drop-off table. 

(b) Use electric winch to stretch out and maintain tension on 
canopy and lines. 

(c) Perform gore by gore and line by line inspection. Use 
voice recorders for initial documentation of damage; 
also flag the damaged areas. 

(d) Transcribe on permanent records (damage report and damage 
chart) description and location of damage. 

Equipment : 

Drop off table 220' x 10 (approx.) 

Inspection table 80' x 6’ (approx.). 1 per chute. 

Electric winch, mounted on flip up, flip down section 
of table top. 1 per table. 

y-Bar, mounted on floor stand 65 in. high, 2 per table. 


1 


Engineering decision: 

Repair or not repairable. 

If repair, engineering will furnish direction using a pre- 
planned set of repair procedures. 

If not repairable, use traveling crane to move chute to 
segregated area. 

Use traveling crane to move repairable chute to repair area. 
Equipment: 

Traveling crane 

Repair as necessary 
Equipment : 

Work table 70* x 18' (approx.) 

Standard Sewing Machines 

Move repaired chute to ready area by traveling crane, or to 
packing table. 

(a) Rig and install floatation 

(b) Install yeefing system 

(c) Packing procedure. One cluster packed incremental Jy 
in a single oompartmented deployment bag. Pressure 
pack 35 Ib/Pt3 (approx.) 

(d Equipment : 

Packing table 125' x 6' with conveyor 

Belt extension 50' x 6' 1 per chute 

Packing press and fixture 1 required per cluster 

Electric winch 1 per table 

Y-Bar 2 per table 

Move parachute pack assy, to inventory stores. End of cycle 
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Conf iquration X3t -B 
A. Introduction 

This refurbishment plan is based on the use of 9 each 125 Ft D Q 
main chutes? 3 each 38.0 Ft D Q pilot chutes (main); 1 each 74 Ft 
D Q drogue chute; 1 each 21 Ft D Q pilot chute (drogue), for each 
mission. 

The assumption is made that 7 of the 9 main chutes will be 
refurbishable; that the drogue will be refurbishable; that all 
pilots and deployment bags are expendable. 

Additionally it is assumed that all rigging and packing will 
be accomplished as part of the refurbishment plan. Thus 
7 Mains refurbish, rig and pack 

2 mains new, rig and pack only 

3 pilot chutes (main) rig and pack only 
1 drogue chutes, rufirbish, rig and pack 
1 pilot chutes (drogue) rig and pack only 

B. Scope 

The scope of this plan includes off-loading of the recovered 
parachutes on the dock of the refurbishment facility through 
the parachute packing cycle and return to inventory awaiting 
delivery to the mission vehicle. 
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C. Requirements 

The facility floor plan and equipment requirements are presented 
in Figure 41 and Table VI! respectively. With certain notable 
exceptions the required equipment is comprised of "off the shelf" 
items. Where exceptions exist they have been annotated TBD 
(To Be Designed) . 

D. Refurbishment Cycle 

The following is a "walk through" in operational sequence from 
off-loading through parachute packing, describing the planned 
method and identifying the equipment used, for the main parachutes. 
This cycle is also presented in schedule format in Figure 44. 


1. (a) Remove chutes from transportation containers. 

(b) Engage hoisting hook through apex bridle. 

(c) Remove flotation gear. 

(d) Hoist each chute (of a cluster) and separate into 
individual chutes. 

(e) Untangle and defoul suspension lines. 

Equipment : 

Electrically operated hoist, individually motorized, 
tracked to an over head monorail. Monorail will be of 
closed loop design. Ref. Figure 41.1 hoist required 
per chute. 
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TABLE VII FACILITY AND EQUIPMENT REQUIREMENTS 


Basic Facility* 

400 Ft x 350 Ft, 100 Ft high (140,000 Ft 2 ) 

Overhead lighting. 50 Ft candles 

Environmental controls. 75° t 10° (F) and 50 ± 20% RH 
Air and electric outlets - 95 psi, X10/220/440V 
Shop vacuum 

Equipment : 

Fork Lift 1 required 

Overhead monorail system. Race track design with individually 
motorized, Electric hoists. 1 hoist required per parachute. 

3 

Washing containers. Volume of approx. 700 Ft . Fitted with 
water agitation system. 3 required (TBD) 

Drying room/oven: gas fired, floor ducted, forced air to 

maintain 160° to 180° (F). 1 required 

Drop off table 220' x 10‘ (approx.). 1 required 

Inspection table 80' x S (approx.). 1 required per chute. 

Work table 70' x 18'. (approx.). 1 required per chute. 

Packing table 200' x 6* (approx.). 1 required per chute. 

Conveyor belt extension 70' x 6' (approx.) 1 required per 

chute (TBD) 

Electric winch, reversible, capacity (to be determined) 

1 required per packing table 

1 required per inspection table 

Sewing Machines: 

2 ea. heavy duty Singer No. 97-10 

3 ea. heavy duty Singer No. 114-204 

3 ea. heavy duty Singer No. 144-204 

3 ea. repair table Singer No. 111W-153 

3 ea. repair table Singer No. 107W-3 

3 ea. repair table Singer No, 17W-15 


TABLE VII ~(Cont) - FACILITY AND EQUIPMENT REQUIREMENTS 


Overhead traveling crane system 

Parachute packing press and fixture. I required per cluster 
of main chutes (TBD) 

Drogue and pilot chute packing press and fixture. 2 required 
(TBD) 

Y-Bar, floor stand mounted 
2 per table inspection 
2 per table packing 
Suspension line combs 

1 per packing table (TBD 

Tape Recorders 
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2. (a) Move hoist and chutes into wash area (2 at a time). 

(b) Lower chutes into individual washing tanks. 

(c) Soak in freeh water, air agitated. 

Equipment : 

3 

Three containers approximately 700 Ft each. 

Fresh water supply 
Water drains 

3. (a) Move hoist and chutes into drying room. 

Dry in elevated temperature environment (160° - 180°F) 
Equipment : 

Forced air, floor ducted, gas furnace. 

4. {*) Move hoist and chutes to drop-off table. 

(b) Use electric winch to stretch out and maintain tension on 
canopy and lines. 

(c) Perform gore by gore and line by line inspection. Use 
voice recorders for initial documentation of damage ; 
also flag che damaged areas. 

(d) Transcribe on permanent records (damage report and damage 
chart) description and location of damage. 

Equipment s 

Drop off table 220' x 10' (approx.). 

Inspection table 80' x 6' (approx). 1 per chute. 

Electric winch, mounted on flip up, flip down section 
of table top. 1 per table. 

Y-Bar, mounted on floor stand 65 in. high. 2 per table. 
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5. Engineering decision: 

Repair or not repairable. 

If repair, engineering will furnish direction using a pre- 
planned set of repair procedures. 

If not repairable, use traveling crane to move chute to 
segregated area. 

6. Use traveling crane to move repairable chute to repair area. 
Equipment : 

Traveling crane 

7. Repair as necessary 
Equipment : 

Work table 70 'x 18' (approx) 

Standard Sewing Machines 

8. Move repaired chute to ready area by traveling crane, or to 
packing table. 

9. (a) Rig and install flotation gear. 

(b) Install reefing system. 

(c) Packing procedure. One cluster packed incrementally 
in a single compartmented deployment bag. Pressure 
pack 35 lb/Ft 3 (approx) . 

Equipment : 

Packing table 200' x 6* (approx) with conveyor. 

Belt extension 70' x 6'. 1 per chute. 

Packing press and fixture. 1 required per cluster. 

Electric winah. 1 per table 
"/-Bar 

10. Move parachute pack assy, to inventory stores. End of cycle. 
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SECTION V HARDWARE REQUIREMENTS, SCHEDULE AND COSTS 


Figure 45 Operational Hardware Requirements 

The hardware required to support a 445 launch schedule is included 
for both configuration IB and IIB. It is believed that the drogues 
parachutes can be refurbished four (4) times and the main parachutes 
refurbished five (5) times before they are discarded. All pilot 
parachutes and associated equipment will be lost. It is planned to 
have at least one (1) new parachute for each launch cluster. Spares 
are not included. 

Figure 46 Schedule 

A very preliminary schedule is included. It is comparable to either 
configuration IB or IIB. It indicates that PDR is possible at the 
end of 12 months and CDR is possible by the end of 36 months. The 
first qualified launch set could be available within 5 years from 
contract go-ahead. 

Figure 47 Rough Order of Magnitude (ROM) Estimate 

The estimated price for furnishing the solid rocket motor recovery 
system was arrived at by using actual costs of much smaller but similar 
program conducted a; GAC. These costs were then ratioed upward to 
accommodate the new weights, sizes, complexity and quantities required. 
Also, the rates used for establishing the ROM were based upon 1970 
actual rates. No attempt was made to esculate labor and material 
estimates over the proposed program calendar schedule. 
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CONFIGURATION i-B 
MAIN PARACHUTE DEPLOYMENT 
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CONFIGURATION II-B 
MAIN PARACHUTE DEPLOYMENT 
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PARACHUTE REFURBISHMENT 
SCHEDULE FLOW 



(1) TWO SHIFTS / 5 DAY 

(2) IOOth FLIGHT FIGURE 43 
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SOLID ROCKET MOTOR RECOVERY 
' ROM ESTIMATE 




CONFIGURATION IB 

CONFIGURATION I IB 
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5.0 

101 . 


Operational Estimate 
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Capital Equipment 
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SUMMARY 


The purpose of this study is to moke a qunntttutlvo assessment of the 
environmental impact of exhaust products omitted by a rocket engine configuration 
consisting of two solid propellant engines .»nd one I.OX engine during launch opera- 
tions of the NASA Space Shuttle and Booster at Kennedy Space Center. The exhaust 
products considered in the study are IICl, AlgOg, CO, COg and 1^0 from the solid 
propellant engines nnd from thu LON engine. Emissions data and other infor - 
mation on the per form nnoe of the booster engines wore supplied by the Thlokol 
Chemicul Corporation. Toxicity criteria in the form of 10-minute maximum allow- 
able concentrations of CO, HCl and AlgO.j were obtained from a recent NASA report. 
Meteorological data used In the study were obtained from mean monthly vertical pro- 
files of wind spued, wind direction and air temperature for Kennedy Space Center 
(Smith and Vaughan, 1901) and from selected ease studios of meteorological structure 
at Kennedy Space Center used in previous hazard studies (Record, et nl. , 1970} 
Dumbauld and Bjorklund, 1971) by the GCA Corporation Technology Division. 

In normal launch operations, the booster engines burn for approximately 
135 seconds and the maximum altitude of the burn is about 40 kilometers. Exhaust 
products are thus emitted in both the troposphere and stratosphere, the base of 
stratosphere being about 16 ktlometors at Kennedy Space Center. Because both the 
atmospheric processes controlling the trsinsport and dilution of pollutants as well as 
the receptor effects are different in the troposphere and stratosphere, these two 
regions of the atmosphere have been treated separately. In estimating the environ- 
mental impact of tropospheric emissions, we have used computerized multilayer 
diffusion models previously developed for NASA by the GCA Corporation Technology 
Division for calculating toxic fuel hazards (Dumbauld, et nl. , 1970). In evaluating 
the possible formption of acid mist in the cloud of exhaust products in tho lower 
troposphere, wc have used procedures developed In recent work for Vandenberg Air 
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Force Base (Cramer, ot al, , 1970). For the stratospheric problem, wo have used 
a very simple approach baaed principally on calculations of the time required for the 
concentrations of exhpust products to reach ambient levels, If the products are nor- 
mally present in the stratosphere, or levels of the normal trace constituents If the 
products aro not normally present In strntosphorlc utr. The bulk of the tropospheric 
hazard calculations for this study were made on the UNJVAC 1 1 OH machine at the 
University of Utah using tho computer programs described above In conjunction with 
tho requisite emissions and meteorological data. 

Tho results of tho tropospheric hazard calculations arc summarized 
briefly as follows s 

• For the three meteorological regimes considered, the 
ground -level concentrations of HC1, AlgO^ and CO are all 
below tho maximum allowable 10-minute concentration 
levels for both a normal launch and an on-pad abort In which 
one of the solid propellant engines is completely burned with 
the vehicle in a hold-down status 

• For a low-level vehicle destruct at an altitude of 2 kilometers, 
the calculations show a stabilized cloud of exhaust products to 
bo formed at an altitude of about 4 kilometers with an approxi- 
mate dlumeter of 2 kilometers; average concentrations of CO 
(50 ppm) and ALO_ (35 mg m“ 3 ) within the stabilized cloud 

M I) 

are well below the ground-level toxicity criteria and the 
corresponding HC1 concentration (30 ppm) is equal to the 
ground-level limit 

• The formation of an add mist is possible only in situations 
where the ambient humidity Is close to 100 percent; the pro- 
duction of acid drizzle or rain that will reach the underlying 
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surface tn significant amounts appears to lie very unlikely, 
although (ho formation of small wntor drops within the oxhmmi 
aloud wllh an Bold contain of l to 5 percent 1 »y weight ih likely 
If it sufficient ainlilonl supply of wntor Ih available 

• Calculations of thu maximum removal of lll’l from Mm csIimomI 
cloud by falling precipitation show (hut tho maximum norfaeo 
deposition of HC1 ranges from nbool 4.2 to- 0.2(1 Kt-j; ,n» per 
aqunro motor, depending on the lime after launch nl whioh Ibo 
procipltntlon starts; assuming thnt this tunounl of I1C1 is dls * 
solvod tn 2. 5 millimeters of rain, tho pll content of the rain 
wntor ranges from 1.35 to 2. 5G; although wo nro not aware of 
detailed Btiulios of the effects of HC1 acid on vegetation ard 
other receptors, these pH values appear to be poleotbuly call- 
able of producing harmful effects 

Tho results of the stratospheric hazard usf<v.;t>r‘<cnt are. 

• Concentrations of CO^ and Ng emitted from the rocket engine.' 
fall below ambient levels as soon as the exhaust elcud attains 
horizontal dimensions of a few hundred meters; this occurs 
within a few minutes after the passage of the vehicle 

• Concentrations of 1LO fall below ambient levels as soon as the 

M 

horizontal dimensions of the exhaust cloud are 1 or 1 kilo- 
meters; this is estimated to occur within a few hours after the 
passage of the vehicle 

• Because HCl, Al O and CO are not included in the normal 

A U 

constituents of stratospheric air, we have required their 
concentrations to reach an order of magnitude below the level 
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for nc”'> *1 trace constituents (10^ molecules per cubic 
centimeter); this criterion requires that the horizontal 
dimensions of the exhaust cloud be approximately 50 kilo- 
meters in extent, which should be achieved after a couple 
of days of stratospheric residence 

• The above criterion for HCl, Al^O^ and CO is probably too 
conservative because there are no established chemical or 
photochemical reactions in the stratosphere involving these 
products 

Tie principal conclusion of the study is that the only environmental hazard 
posed by the rocket engine emissions is the tropospheric washout of HCl by falling 
precipitation and the consequent surface deposition of acid rain containing from about 
X to 0, 01 percent HCl by weight. This phenomenon occurs only if the vehicle is either 
launched during rain showers or if such showers occur along the first 100 kilometers 
of the downwind trajectory of the elevated ground cloud of exhaust products. If this 
trajectory is over water rather than land, the harmful effects are minimized. For 
overland trajectories, the possible harmful effects of acid rain containing the amounts 
of HCl indicated above on vegetation and other receptors should be carefully evaluated. 
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SECTION 1 
INTRODUCTION 


X. 1 PURPOSE 

The Thiokol Chemical Corporation is proposing the use of two solid propel- 
lant engines and one LOX engine for the booster of the NASA Space Shuttle. During a 
normal launch at Kennedy Space Center, combustion products will be emitted from 
these engines between the launch pad and a maximum height of about 40 kilometers. 

The purpose of the proposed study is to make a quantitative assessment of the environ- 
mental effects of these emissions. The combustion products of concern are: carbon 
monoxide, carbon dioxide, aluminum oxide, nitrogen, water, and hydrochloric acid. 

The potential environmental hazards posed by these products fall into three general 
categories: 

• Ground-level concentrations or dosages that exceed estab- 
lished toxicity levels for uncontrolled populations 

• Possible damage to vegetation or other receptors through 
surface deposition of the material by precipitation removal 
processes 

• Possible effects of these products on the chemical and physi- 
cal balance of the stratosphere 

1. 2 APPROACH 

The quantitative assessment of the first two hazard categories was made 
principally by means of computerized multilayer diffusion models, previously developed 
by the GCA Technology Division for NASA and the U. S. Air Force, in conjunction with 
appropriate emissions data and meteorological data. The emissions data were supplied 


by the Thlokol Chemical Corporation and are given In Figure 1-1 and Table 1-1. We 
have provided the necessary meteorological data representative of the area surround- 
ing Kennedy Space Center which were available from previous work. Toxleity cri- 
teria used in the study, whioh are in the form of maximum allowable 10-minute 
concentrations for CO, HC1, and Al^, arc presented in Table 1-2. 

In calculating the possible environmental effects of stratospheric emissions 
(above 45,000 feet), we have used simple diffusion models to calculate the time re- 
quired for concentrations of the combustion products to reach levels of insignificance 
in terms of ambient concentrations of the normal constituents of the stratosphere. 
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TABLE 1-1 

I EMISSION RATES OF SELECTED ROCKET ENGINE EXHAUST PRODUCTS 


Product 

Rate (lb sec -1 ) 


2 Solid Engines 

LOX Engine 

IIC1 

3518 


4. 749 x IQ 5 

Al 2°3 

4936 


6. 664 x 10 5 

CO 

3909 


5.277 x 10 

C0 2 

614 


8. 289 x 10 4 

h 2 0 

1529 

4615 

8.294 x 10 5 

N 2 

1427 


1.927 x 10 5 

*For a 135-s 

second engine burn. j 


i 

TABLE 1-2 

! MOLECULAR WEIGHTS AND 10-MINUTE MAXIMUM ALLOWABLE 

CONCENTRATIONS (MAC 10 ) FOR SELECTED ROCKET 
I ENGINE COMBUSTION PRODUCTS 


Fuel 

Component 

Molecular 

Weight 

MAC jo* 
(ppm) 

CO 

' 28.01 

1500 ! 

II Cl 

3G.47 

30 

-3 

A, 2°3 

101.94 

50 (mg m ) 

*Takon from Table 1-1 of NASA Contractor Report NASA CR-G1358 (Dumonuld 
and Bjorklund, 1971) 
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SECTION 2 

TROPOSPHERIC MATHEMATICAL MODELS 

The generalized multilayer concentration models used In the tropospheric 
hazard calculations were taken from a complete set of computerized multilayer dif- 
fusion models developed for use in estimating toxic fuel hazards at Kennedy Space 
Center (Dumbauld, et al. , 1970). Only a brief description of these models is given 
below. A complete description is available in the above-referenced report prepared 
by the GCA Corporation Technology Division for the Marshall Space Flight Center. 

The generalized models are similar in form to the conventional Gaussian plume 
equations described by Slade (1968, pp. 97-99) and others. However, additional 
terms have been added to account for the effects of mesoscaie factors, such as the 
depth of the surface mixing layer, vertical wind shear, and precipitation scavenging. 
The models also contain provision for gravitational settling, decay, and variations 
in source dimensions, source emission time, and in meteorological structure along 
the downwind cloud trajectory. 

In using the multilayer models, the troposphere is divided into layers in 
which the meteorological structure is approximately homogenous. Major layer 
boundaries are placed arbitrarily at the points of major discontinuities in the vertical 
profiles of wind, temperature and humidity. It is assumed that there is no vertical 
flux of material across the major layer boundaries due to turbulent mixing; material 
flux across these boundaries can occur only as a result of gravitational settling or 
precipitation scavenging. Changes in meteorological structure at some arbitrary 
time or distance from the point of release can alec be accommodated through use of 
special layer-breakdown models previously developed for this purpose in the work 
for Marshall Space Flight Center. As explained below, these models were used In 
the present study when the surface mixing layer was divided into sublayers to accom- 
modate the height dependence of the initial vertical distribution of exhaust products. 


5 


« 


✓ 


th 

The basic formula for the peak concentration in the K layer at some 
distance x downwind from the source Is Riven by the expression 


X 


P 



2?r V V 


(2-1) 



where 

Q *= source strength In units of mass per unit depth of the 
K K th layer 

a - standard deviation of the crosswind concentration distribution 
in tho K th layer at distance x 

* standard deviation of tho alongwind concentration distribution 
in the K th layer at distance x 

Equation (2-1) above is defined as Model 1 in the report by Dumbauld, et al. (1970), 
and the subset of equations defining o yK and are given on pages 14 through 20 
of the report. Briefly, o yK and arc calculated by means of simple power-law 
expressions relating turbulence parameters to cloud growth with distance. In this 
layer model, the source extends vertically through the entire layer*, the vertical 
distribution of the material in the layer is assumed uniform with height and Gaussian 
along the crosswind (y) and alongwind (x) coordinates. The use of Equation (2-1) 
requires that material originating in the K th layer is constrained from diffusing 
vertically beyond the vertical boundaries of that layer, as mentioned above. 

In this study, to simplify the calculations of concentrations within the 
stabilized ground cloud of exhaust products, tho major meteorological layers con- 
taining the ground cloud were subdivided according to the vertical distribution of 
matorlal in the ground cloud. Material in the sublayers included in the surface 
mixing layer (sec, for example, Figure 3-3) was permitted to diffuse vertically 
across tho sublayer boundaries. The layer-transition model described as Model 5 
by Dumbauld, et al. (1970, pp. 31-33) was used to make these calculations because 
it provides for the requisite vertical mixing and for identifying the contribution of 
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the material contained In each initial sublayer to the composite ground-level concen- 
tration. In the layer-transition model, material in tho original K layers is permitted 
to diffuse Into a now L th layer (in this case the surface mixing layer) starting at a 
predetermined time t* which was set equal to 1 second. The peak concentration 
equation for Model 5 is given by the expression 
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where 


zLK 


yLK 


<r 


XLK 


standard deviation of the vertical concentration distribution 
in the layer for the source originating in the K 1 * 1 layer 

standard deviation of the crosswind concentration distribution 
in tho layer for the source originating in the K 1 * 1 layer 

standard deviation of the alongwind concentration distribution 
in the L th layer for the source originating in the K th layer 

th 


z T height of tho top of the L in layer 
1 L 

S5_ j *= height of the base of the layer 
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th 

height of the top of the K layer 

height of the base of the K th layer 

height in the layer at which the concentration is 
calculated 



Maximum surface deposition of HC1 due to precipitation scavenging in a 
Layer L through which precipitation is falllr., was calculated by means of a modified 
version of Equation (3-3G) in the report by Dumbnuld, et al. (1970): 


WI> L ( x L . y L* *=<>} 


^ °yLK a L 



(2-3) 


where 


A = 






fraction of material removed from the exhaust cloud by 
washout per unit time 

height of the top of the L th layer 

height of the base of the L^ 1 layer 

mean wind speed in the L** 1 layer 

standard deviation of the crosswind distribution of material 
in the I.** 1 layer at a distance x T from the source 

Li 

distance from the source in the L^ layer 
time precipitation begins 


The height of the top of the uppermost layer through which precipitation is falling 

z^m mus t l )e supplied as input to the computer program. In the washout 

deposition calculations described in Section 4.4 below, was set equal to 0 

lim 

kilometers. 
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SECTION 3 

development of source anu meteorological inputs 


METEOROLOGICAL DATA 


The three meteorological situations used for the concentration ejaculations 
downwind from a normal launch and pad- abort are based on the mean monthly wind 
speed, wind direction, and temperature profiles for Kennedy Space Center (KSC) 
published by Smith and Vaughan (1961) and on the work of Record, et al. (1970) and 
Dumbauld and Bjorklund (1971). Concentrations at ground level are primarily depen- 
dent on the depth of the surface mixing layer H m and the vortical distribution of 
material in the stabilized cloud of oxhaust products. Study of the mean wind speed 
and direction profiles for KSC showed that for wind flow required to transport the 
combustion product cloud inland, the average surface mixing layer depth is about 
1000 meters. During the spring on some occasions the surface mixing layer depth 
approaches 2000 meters and during the afternoon sea breeze regime in all seasons, 
the average mixing depth is about 300 meters. Figure 3-1 shows the wind direction 
profiles and Figure 3-2 shows the wind speed profiles for the full, spring and after- 
noon sea-breeze regimes at KSC. Details of the temperature profiles in the lowest 
5 kilometers for these regimes are given by Dumbauld and Bjorklund (1971). 


3.2 C LOUD RISE CALCULATIONS 

Estimates of maximum cloud rise for the cases of normal launch and pad- 
abort wore obtained from an expression flue to Briggs (1909, p. 33; 1970): 
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whore 


P * 
m 


w o - 


r « 
o 


c - 
P 


height of aloud at time t 

2 2 
w r 
o o 

"1 

Initial vortical velocity (m boo ) 

i 

radius of area whore vortical velocity equals w (m) 
moan wind speed (m see”*) 

entrainment constant where cloud radius r{/.} yz 

, , ir 9<t 

stability parameter « “ ~ 

-2 

gravitational acceleration « 9. 8 m see 
ambient air temperature (°K) 

vertical potential temperature gradient (°K m” 1 ) 

K % 

w o p T 
P 

heat emission due to efflux of hot gases (cal see *) 

specific heat of air (cal g"* °K'*) 

-3 

density of air (g m ) 
time (sec) 


The above formula yields cloud rise rates that agree favorably with the observed 
cloud rise rates from the launch of Saturn vehicles as described by Busko and 
Kaufman (1971). 

According to llriggs (see SI tide, 1908, p. 199), the formula for calculating 
the buoyant rise of nearly- instantaneously generated clouds first given by Morton, 
Taylor, and Turner (1950) con be written as 


&h , ■ 
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where 



cloud rise (meters) 
heat released ^calories) 


Briggs compared cloud rises calculated from Equation (3-2) with observed cloud 
rises from nuclear tests and found that the observed rises were about 30 percent 
higher. If the formula is adjusted to lit the observations, the expression for cloud 
rise from nearly-instantaneous sources becomes 



3.46 


Q 


I 


0^ p 84>/a z 



(3-3) 


Equation (3-3) also gives results which compare favorably with observations of cloud 
rise downwind from detonations of high explosives recently reviewed by Church (1969). 
Equation (3-3) was used to calculate cloud rise for the case in which the booster is 
destructed at a height of 2 kilometers. 

Input parameters used in the ciilculation of cloud rise are given in Table 
3-1. The initial vertical velocity was calculated from the expression 

(7r r E )2 

oi = V • ■ 1 ' • sin Of (3-4) 

o l • w 

where 

V = exit velocity from rocket engine (— 2438 m see S 
r = radius of rocket engine (—2 m) 
f. - length of flame trench (137 m) 
w - width of flame trench (17.7 m) 

« = incline angle at end of flame trench (45 deg, 0 deg) 


TABLE 3-1 


VALUES FOR INPUT PARAMETERS USED TO CALCULATE 
BUOYANT CLOUD RISE 



Type of Hazard Calculation 

Parameter 

Normal 

Launch 

Pad- Abort 

Destruct 

Washout 

Surface 

Deposition 

a) (m sec" 1 ) 

290;0 

290;0 


290 ;0 

0 





r (m) 

8.56 

8.56 


8. 56 

o 





P (gm ) 

1190 

1190 

962 

1190 

Q h » Qj ( cal sec *) 

6.25 x 10 9 

2.01 x 10 9 

5.54 x 10 11 

6.25 x 10 9 

y 

0.50 

0.50 

0.35 

0.50 

c p (cal g _1 ""K' 1 ) 

0.24 

0.24 

0.24 

0.24 

T (°K) 





Fall 

299 

299 



Spring 

300 

300 


300 

Sea-Breeze 

294 

294 



a$/8z (OKm* 1 ) 





Fall 

0. 0044 

0.0044 

0.0046 


Spring 

0.0040 

0. 0040 

0.0057 

0.0020 

Sea-Breeze 

0. 0064 

0. 0064 

0. 0062 


u (m sec -1 ) 





Fall 

6.0 

6.0 



Spring 

7.2 

7.2 


7.2 

Sea-Breeze 

4.2 

4.2 






Values of t , w, and a were obtained for Launch Complex 39A at KSC from the 
paper by Susko and Kaufman <1971), Estimates of V and r were obtained from 
Thlokol Chemical Corporation. Note that a equals 45 degrees at one end of the 
flame trench and 0 degrees at the other. Thus, the cloud rise from the two ends of 
the flame trench proceeds at a different rate with time. However, the final rise from 
each end is nearly the same and the results of the cloud rise calculations for both 
segments were averaged to obtain the estimate used in the concentration calculations. 

The value of Q tT shown in Table 3-1 for the normal launch and pad-abort 
hazard calculations was calculated from the expression 

Q H “ Q T + Q 1 ~ Q 2 (3 ’ 5) 


where 

Q t = total amount of heat available from system exhaust 
(2 solid engines + liquid fuel engine = 5. 58 x 10 a 
cal sec*" 1 ) 

heat required to heat deluge water used to cool trench 
to boiling point (9.20 x 10 3 * * * 7 cal sec” 1 ) 

g 

heat required to vaporize deluge water (6,82 x 10 
eal sec -1 ) 

3 -1 

The values of and are based on the assumption that 1. 26 x 10* kg sec 

(Susko and Kaufman, 1971) of deluge water arc; used to cool the flame trench and 
that the water is vaporized and entrained into the exhaust cloud. The value of 
was determined from the amount of solid propollant remaining in the engine after 

reaching an altitude of 2 kilometers and the assumption that the heat content of the 
fuel is 691 calories per gram. The parameter y was set equal to 0.5 in accordance 

with conservative estimates based oa work by Dumbnuld (1971) and by Susko and 
Kaufman (1971) for the normal and pad-abort cases. For the destruct case, y was 
set equal to 0.35 for consistency with the derived constant 3.40 in Equation (3-3). 



The geometry of the stabilized cloud of combustion products for each of 
the cloud rise calculations was calculated from the expressions 

I y (z - z q + T ^/y * 0 a z s 

z - y (z + z - r„/y a 200 ; z a z 
m r o U ' m 

where 

z^ = height of final rise of ground cloud 

z = reference height at which plume rise begins (14. G meters 
0 for all cases except dostruct where z^ ~ 2 km) 

r^ = reference radius of cloud at height z q (equal to G8.5 meters 
for all cases except destruct where r =121 meters) 

Note that r{z} is not permitted to be less than 200 meters. 

3. 3 SOURCE INPUTS 

Source inputs used in the calculations of ground-level concentrations and 
washout surface deposition of HCl are given in Tables 3-2 through 3-8. 

Table 3-2 gives heights of layer boundaries used In the normal launch and 
pad-abort calculations. The division of the lowest 5 kilometers of the troposphere 
Into distinct layers was made on the basis of the meteorological structure in the 
troposphere and the distribution of material In the stabilized ground cloud. For 
example, Figure 3-3 shows the geometry of the stabilized ground cloud of combustion 
products for a normal launch during the spring regime. In the figure, the solid lines 
show the layer structure dictated by the meteorology, while the dashed lines indicate 
subdivisions of the lowest 2 kilometers made for the purpose of improved definition 
of the vertical distribution of material. Tables 3-3 and 3-1 present values of the 
standard deviations of the lateral and longitudinal cloud dimensions for the normal 



1 G 



Height of the top of the surface mixing layer {H. 














kBLK 3-3 

D LATERAL CLOUD DIMENSIONS 
LAUNCH CALCULATIONS 


Meteorological Regime 


Fall 

°xo(m) « fTyo(in) 

Sea Breeze 
<W m ) : a yo( ni ) 

52 

63 

98 

159 

145 

319 

191 

452 

238 

352 

460 

235 

335 

93 

93 

93 

93 









ft 


\ 




TABLE 3-4 

) AND LATERAL (^ yo ) CLOUD DIMENSIONS 
iD-ABORT CALCULATIONS 

" a y 0 { K ) ln meters ) 


Meteorological Regime | 


Fall 

o X o< m > ~ °yo( m ) 

Sea-Breeze 

0 XO (m) ” °'y O (l0) 


52 

63 


98 

159 


145 

334 


191 

233 


238 

117 


333 

30 


86 





i 


19 















TABLE 3-7 

















TABLE 3-8 

VERTICAL SOURCE STRENGTHS (Q K ) IN GRAMS PER METER KOR 
THE WASHOUT SURFACE DEPOSITION CALCULATIONS 


Layer (K) 


Combustion Product 

IIC1 

Al 2 °3 

CO 

5. 87 X IQ* 

8.23 x 10 1 

6. 52 x 10 1 

5. 64 x 10 2 

7.92 x 10 2 

6.27 x 10 2 

3. 50 x 10 3 

4.90 x 10 3 

3. 88 x 10 3 

1.32 x 10 4 

1.84 x 10 4 

4 

1.46 x 10 

3. 01 x 10 4 • 

4.22 x 10 4 

3. 34 x 10 4 

5. 35 X 10 4 

7. 38 x 10 4 

5. 85 x 10 4 

3. 47 x 10 4 

4.86 x 10 4 

3. 85 x 10 4 

1.24 x 10 4 

1.74 X 10 4 

1.38 x 10 4 

8.37 x 10 3 

1.17 x 10 4 

9.30 x 10 3 
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anti pad-abort calculations. Those dimensions wore derived on (he assumption that 
at any height the radius of the stabilized cloud equals the 2. 15 ir llnUls for a tiausHian 
distribution. In any layer except the layer containing * , the dimensions are given 
by the expression 



xo 


HM 

2. IB 


(.TV 


whore 


r{K} 


r { z TK } 


r{ 


/. } 

UK' 


2 


In tho layer containing the dimensions are given by 
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Table 3-5 gives the standard deviations of the longitudinal and lateral cloud dimen- 
sions and the layer boundary heights for the washout surface-deposition calculations. 


Tallies 3-6, 3-7 and 3-8 show the vertical source strengths in each layer, 
respectively, for the normal launch, pad-abort, and washout surface deposition cal- 


culations. he total amount of material Q,, contained in the ground cloud lor ‘.he 

Ci 


normal-launch and washout calculations was calculated from the expression 


Q 0 (1*>) - K (lb sec” 1 ) t{/> m } 
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where 
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t {■/. } ; 
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- emission rate of pollutant (from Table l-l) 

lime required for the vehicle to reach the altitude of 


maximum rise of the ground cloud z 
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x 0. 4615 
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Equation (U-10) was obtained by fitting tlio vehicle-height curve in Figure 11 by a 
least-squares procedure, For the pod-abort eases, was act equal to the total omis- 
Sion from <i complete burn of one solid-propellant engine, ibe fraction of material in 

iL 

the K later contributed by the ground cloud F {K} Is thus given by the expression 

ft 


V K} t? G [ P W'lJ " P Wu<*] 


(3-11) 


where 

!>{z } integral of tho Gaussian (normal) probability function 

between minus infinity and tho top of tho layer z 


P { Z 13k} 



Integral of tho Gaussian (normal) probability function 
between minus infinity and tho bottom of the K^ 1 layer 


V 



} 


o 


r{ z = z } 
*• nv 

2.15 


til 

The fraction of tho rocket exhaust trail in the K layer F {K} is given by the 
expression 
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The Bource strength in the layer Q for use in the model calculations is thus 

K 

given by 



F g {K} + F e {K} 

z tk“ z bk 


(3-13) 


The values of Q.. in Tables 3-6, 3-7 and 3-8 have been converted to units of grams 
K 

per meter. 


3. 4 METEORLOGICAL INPUTS 


Meteorological inputs used in the concentration calculations for the normal 
launch and pad-abort cases are given in Table 3-9. Inputs for the washout surface- 
deposition calculations are given in Table 3-10. 


Values of the mean wind speed u fiK and wind direction 0^ at the base 
of the K th layer in Table 3-9 were determined from the vertical profiles shown in 
Figure 3-2. Values of the standard deviation of the wind azimuth angle at the 
reference height - 18 meters, for a 10-minute sampling period {t qK - 600 
seconds), were obtained from the expression 


°abk^k = G00!K = 1 > * T 


( 3 - 1.41 


where R^ is the wind direction range at from Figure 2-11 of the report by 
Record, et al. (1970). The quantity was assumed to decrease with height accord- 
ing to the expression 

a A {z,K=l} - " ABK <^v K=l > (Sr) <s ' 11 

as suggested by Record, etjd. (1970, p. 48). 
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TABLE 3-9 (Continued) 



ii9 













«• 




















4 


I 


Tho power-law exponent p in Equation (3-15) is given by the expression 


5 tk {K-1) 

p ‘ ,UKl V { V K “’) 


(3-10) 



Note that a reference height of 18 meters was useu for all meteorological para- 
meters In tho surfaoe mixing layer. In tho next higher layer (K « 2), the value of 
a wiis linearly decreased from tho value at the top of the surface layer to a value 
of 1.0 degrees at the top of the K « 2 layor. In all higher layers (K >2), o A was 
held constant at 1.0 degrees. 

The washout surface-deposition calculations were made using the wind 
speed profile for the spring meteorological regime shown in Figure 3-2. The wind 
direction profile for the spring meteorological regime was, however, changed and 
the wind direction 3hear with height was reduced to reflect a profile more appropriate 
for a deep layer in which rain showers are occurring. Also, the value of cr ^jjj^{ T o^ 
and o were increased to reflect the turbulence levels expected in convective activity. 

fcjRK 

3. 5 PROPERTIES OF THE STABILIZED CLOUD 

The height, radius, and average exhaust-produel concentrations for the 
stabilized ground cloud are given in Table 3-11. The heights of the ground cloud for 
the normal launch, pad-abort, and washout cases were calculated from Equation (3-1) 
and inputs from Table 3-1. For the destruet case, tho height of the ground cloud was 
calculated from Equation (3-3) using inputs given in Table 3-1. The radius of the 
ground cloud was calculated from Equation (3-6). The average exhaust-product con- 
centrations were calculated by dividing the total amount of each product contained in 
the ground cloud by the volume of the ground cloud. 

It should be noted that ground-level concentrations will not exceed the 
average concentration in the ground cloud since tho cloud will dilute in mixing to 
the ground. 
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TAIW.fi 3-11 


HEIGHT, HAJMUS, AND AVERAGE KXtlAWST-I'ROOIJCT CONCENTRATIONS FOR 
Till? 8TAHII.1ZKD GROUND CLOUD Infill IN TIIK IIA 'MUD CAl.CWI.A'J I«N“ 


Cwe 

MntuoroloRlciil 

Regime 

Height 

Radius 

Average Cow mtrsitbm 

(m) 

(m) 


<R m" 3 ) 

(ppm) 





HOI 

-2 

14. 1 

Norm n 1 T.mmch 

Spring 

1804 

003 

1.70 x 10 





-2 






A, 2°3 

2.4V x 10 






00 

1. 90 x 10" 2 

20.4 


Fall 

1808 

990 

HC1 

1.04 x 10~ 2 

13.3 





A V>3 

-2 






2.30 x 10 






CO 

1.62 x 10 

19.2 





I1C1 

-2 

13.9 


Sea Uroeno 

1820 

971 

1.72 x 10 






-2 






A1 2°3 

2.42 x 10 






00 

1.92 x 10” Z 

20.2 

Pud-Abort 

Spring 

1209 

090 

MCI 

7.03 x 10" 2 

33.0 






-1 






A, 2°3 

CO 

1.07 x 10 
8.47 x 10 -2 

83.0 






-2 



Fall 

1310 

7)0 

HCl 

7.01 x 10 

53.5 






-2 






A, 2°3 

9.83 x 10 






CO 

7.78 X 10 

77.0 


Sea Hr co *0 

131G 

719 

IlCl 

0.92 x 10~ 2 

53.0 






-2 






A5 2°3 

9. 71 x 10 

-2 






CO 

7. 09 x 10 

70.5 






-2 

32.1 

Dostruct 

Spring 

4779 

1095 

HCl 

2. 88 x 10 






-2 






AlgUg 

1.05 x 10 






CO 

3.20 x 10 

40.5 






-2 



Fall 

4940 

1151 

HCl 

2.48 X 10 

27.7 





A, 2°3 

-2 






3.48 x 10 






CO 

2.70 x 10 

40.2 


Sea llreexe 

4729 

1077 

HCl 

3.03 x JO' 2 

33.9 






-2 






A1„0„ 

4. 25 x to 






2 3 

„o 






CO 

3. 38 x 1 0 

49.2 





HCl 

-2 


Wanlumt 


2208 

1195 

1.03 x 10 

8.6 






-2 






AI„O n 

1.43 x 10 






2 3 







CO 

1. 13 x 10 

12.4 


*'N 
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SECTION 4 

TROPOSPHERIC HAZARD CALCULATIONS 

Tho tropospheric hazard calculations described In this section principally 
consist of model estimates of tho peak ground-level concentrations of HCl t CO, and 
Al <) resulting from the omission of rocket engine exhaust products to the atmos- 
phere during a normal launch and an on-pad abort of the proposed space shuttle- 
booster vehicle. Hazard calculations are also presented for a low-lcvol deatruet of 
the space shuttlc-boostor vehicle and consist of model estimates of the dimensions, 
height and average concentrations of IIC1, CO and Al^Og in the elevated exhaust- 
product cloud resulting from the destruct. Ground-level concentrations arc not 
presented for this case because it is evident that the concentrations of any of these 
exhaust products that may reach the surface through normal atmospheric diffusion 
and transport processes will be far below the applicable toxicity criteria. Other 
tropospheric hazard calculations described below include tho maximum surface 
deposition of IIC1 by precipitation-removal processes and the formation of acid mist. 


4. 1 NORMAL LAUNCH 


Figures 4-1 through 4-3 show profiles of the calculated ground-level peak 
concentrations of HC1, CO and AlgOg resulting from a normal launch in each of the 
three meteorological regimes described in Section 3. The concentrations were cal- 
culated by using Equations (2-1) and (2-2) in conjunction with the source and meteoro- 
logical inputs in Tables 3-2, 3-3, 3-6 and 3-9. Because the depth of the surface 


mixing layer for the soa-breezo regime is only 300 meters (sec Table 3-2), Equation 
(2-1) was used to calculate the ground-level concentrations. For tho spring and fall 


meteorological regimes, the surface mixing layer was divided into sublayers and 
Equation (2-2) was usad in tho calculations. 


Jill 



FIGURE 4-1. Peak centerline 
normal launch. 
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atlon of HC1 at the surface downwind from a 
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FIGURE 4-2. Peak centerline concentration of CO. at the surfnco downwind from a 
normal launch. 
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The maximum allowable 10-minuta nvornge concentrations (MAC ]0 ) shown 
by the horizontal linos at tho top of the figures are taken from Table 1-2. The peak eon- 
terllno concentrations plotted in Figures 4-1 through 4-3 are llut thcpn tieal maximum 
concentrations that would tie experienced at a particular downwind distance during 
the passage of the exhaust-product cloud. 'Ilte average concentration along tho 
cloud centerline at any glvon downwind distanco is approximately six-tenths (0.1*7) 
of the eale.ulated peak centerline concentration. For the cloud transport speeds 
used in tho calculations, eloud passage times at distances of 1 kilometer or less 
downwind from tho launch site arc of the order of a few minutes. At distances of 
10 to 20 kilometers downwind from the launch site, tho corresponding cloud passage 
times arc of the order of 10 to 20 minutes. It follows from this discussion that tho 
average 10-minute concentrations indicated by tho model cnleul aliens at points along 
the cloud centerline, located at downwind distances less than 1 kilometer from tho 
launch site, arc probably only one-fourth to one-fifth as largo as the corresponding 
peak centerline concentrations shown in Figures 4-1 through 4-3, Similarly, the 
average predicted 10-minute concentrations along the cloud centerline, at downwind 
distances of 10 to 20 kilometers, arc probably about half as large as the corresponding 
peak centerline concentrations plotted in tho figures. 

As shown in Figure 4-1, the model estimates of peak centerline. 11(11 con- 
centration arc at least one order of magnitude below tho maximum allowable 10- 
minute limit (MAC ) of 30 ppm near the launch site. Tho secondary maxima ms for 
the fall and spring meteorological regimes nt respective downwind distances of 1.0 
and 20 kilometers are almost two orders of magnitude below (be MAC^ value. 


Tho estimated peak centerline CO concentrations shown in Figure 4-2 are 
approximately throe orders of magnitude below the MAC^ limit of 1500 ppm. The 

peak center hue ALO concentrations in Figure 4-3 are more than an order ol. magni.- 

* '* -3 

Uule lower than the MAC^^ value of 50 mg m . 
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The results of the ground-level hazard calculations lor a normal launch 
thus show that the predicted maximum concentrations of IIC) and A1 O are at least 
one order of magnitude lower than the applicable MAC^ limits while the predicted 
maximum concentrations of CO uro about threo orders of magnitude below the 
applicable MAC!^ limit. 

4. 2 PAD-AHOHT 

Tho calculated grotind-lovcl peak centerline concentrations for HO, t’O 
and A1 2 0 <3 resulting from a pad-abort during the threo metooroJoglonl regimes .are 
shown in 1’iguros 4-4 through 4-6. 11m assumed source configuration for a pad- 
abort consisted of a complete burn of one solid-propellant engine with the booster in 
a pad hold-down status. As in the corresponding normal launch calculations, liqua- 
tion (2-1) was usod for the sea-broeze regime and Equation (2- 2) was used for the 
other two meteorological regimes. Source and meteorological inputs usod with 
those equations are given in Tables 3-2, 3-4, 3-7 and 3-9. 

The calculated peak centerline concentrations for the pad-abort cases 
are about five to ten times larger than for the corresponding normal launch cases. 

The heat emitted per unit time during a pad-abort is less than during a normal 
launch, resulting in lower cloud rise, and tho total amount of material in the ground 
cloud is greater for the pad-abort cases. The peak centerline concentrations are in 
all cases below the applicable MAC J0 levels. 

4. 3 DKSTRUCT 

Tho calculated buoyant rise, cloud dimensions and average exhaust -product 
concentrations in the stabilized cloud resulting from the destruot of the booster 
vehicle at an altitude of 2 kilometers are shown tn Table 3-11. As might be expected, 
the intense heat from the destruot results in about a 3-kilometer buoyant cloud rise 
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PEAK CONCENTRATION (mg nf 3 ) 



FIGURE l-C. Peak centerline ccncentrirUon of Al,^ at the surface downwind from 
a pad-abort. 
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after destruct. The final height above the surface of the stabilized cloud is calculated 
to be 4.5 to 5 kilometers. The average CO and Al^O^ concentrations in the stabilized 
cloud are below the corresponding MAC^ levels and the average HC1 concentrations 
are approximately equal to the MAC 10 value. Any atmospheric transport* diffusion 
processes acting to bring the cloud to the surface would result in ground-level con- 
centrations much lower than the average concentrations in the stabilized elevated 
cloud. For this reason, ground-level concentrations were not calculated. It is evi- 
dent, however, that they would be well below the MAC 10 levels. 

4. 4 WASHOUT SURFACE - DEPOSITION OF HCl 


Scavenging by precipitation is the primary process by which gaseous and 
particulate pollutants are removed from the troposphere. The scavenging process 
is usually described mathematically by simple exponential decay expressions of 
the form 

X “ X Q ex P ["A (t 1 )] 

The deposition on the ground attributable to scavenging is mathematically described 
by Equation (2-2). As noted in Section 2, a full description of the multilayer mathe- 
matical model used to calculate the amount of material deposited on the surface by 
precipitalion washout is contained in Section 3 of a report prepared for NASA- 
Huntsville (Dumbauld, et ak . , 1970) by GCA Technology Division. 

The meteorological parameters used in calculating estimates of surface 
deposition of HCl due to rain scavenging are given in Table 3-10 of Section 3. The 
meteorological parameters for this case are based on structure in the lowest G kilo- 
meters of the atmosphere typical of structure in rain shower activity. Values of A 
are not well established. Engelmann (see Slade, 1968, pp. 208-221) cites values of 

_3 _5 -i 

A ranging from 10 to 10 sec for various precipitation rates and other oondi- 

-4 -{> -1 

lions. Makhon'ko (1967) gives values of A varying between in and 10 see . 
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For the present calculations, a value of A equal to 10 sec was selected to 
provide estimates of maximum expected deposition of HCl duo to washout. 

According to calculations described in Section 4.5 below, HCl is absorbed 
very rapidly by water drops. A residence time of a few minutes in the 1101 exhaust 
cloud appears sufficient for cloud drops to absorb the HCl. It follows that precipi- 
tation scavenging is efficient in removing HCl from the exhaust cloud. 

The results of using the meteorological inputs given in Table 3-10 and the 
source inputs in Tables 3-5 and 3 -8 in the computer program containing the deposition 
model are graphically presented in Figure 4-7. In the figure, the deposition 
profiles shown by the dashed lines were obtained assuming that rain begins to 
fall at, respectively from left to right in the figure, 9, 18, 35, 71, 141 and 283 
minutes after launch. The peak deposition value In each profile is the deposition 
expected on the surface beneath the cloud centerline as the cloud passes over a 
given point downwind from the launch site. The solid line in Figure 4-7 thus repre- 
sents the maximum washout surface deposition of 1IC1 that is expected to occur 
from precipitation scavenging downwind from the launch site ui.der the specified 
meteorological conditions. 

To estimate th HCl content of rain water at the surface duo to washout, 
the total precipitation accumulated at the surface must be known. For this purpose, 
we have assumed total precipitation amounts of 5 and 2. 5 millimeters of rain per 
square meter of surface. Table 4-1 gives the acid content of rain calculated using 
these amounts of rainfall and the maximum surface deposition of HCl at various 
distances selected from Figure 4-7. For convenience, the acid content of rain 
water is shown in Tabic 4-1 as HCl content in percent by weight of water and in 
pH units. 
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TABLE 4-1 

ESTIMATED ACID CONTENT OF RAIN WATER RESULTIN'! FROM THE 
COMPLETE WASHOUT OF HC1 FROM THE GROUND CLOUD 



Maximum HC1 


Acid Content 

_ :j 

Distance 

Washout Surface 

Percent IIC1 by Weight 

pH 

(km) 

Deposition 
(g m~ 2 ) 

Total Rainfall 

Total Rainfall 


5 mm 

2. 5 mm 

5 mm 

2. 5 mm 

5 

4. 17 

8. 3 x 10" 2 

1.6 x 10” X 

1. G4 

1.35 

10 

2.45 

5.0 x 10" 2 

9. 8 x 10" 2 

1.87 

1.57 

20 

1.25 

2.5 x 10" 2 

4.9 x 10‘ 2 

2.16 

1.87 

. 50 

0.51 

0.1 x IQ" 2 

2.0 x 10" 2 

2. 55 

2.26 

100 

0.26 

5. 1 x 10" 3 

1.0 x 10~ 2 

2.85 

2.56 














4.6 


ACID MIST FOHMATION 


One of the potential environmental hazards associated with the emissions 
of HCl and water during the burn of the rocket engines is the formation of an acid 
mist in the stabilized ground cloud of combustion products. Assuming that liquid 
water droplets are present in the ground cloud, these droplots will very quickly 
absorb any HCl as long as the acid content of the drops does not exceed 5 or 10 per - 
cent. For example, Denbigh (19GG, p. 228 and p. 238) cites experimental evidence 
that the partial pressure of HCl is approximately proportional to the square of the 
mole fraction or concentration of HCl in very dilute HCl solutions. This relation, 
which is attributed to the fact that the HCl in solution is almost entirely in ionized 
form (H + and Cl"), holds for molar HCl concentrations s 0. 05. The equilibrium 
partial pressure of an 0. 05 molar HCl solution at a temperature of 15 C is approxi- 
mately 1 dyne cm" 2 (see Figure 4-8). As long as the partial pressure of HCl gas in 
the ground cloud exceeds this value, practically all of the HCl will be absorbed by the 
liquid water drops as long as the acid content of the drops does not exceed 5 or 10 
percent. Fukuta, et al. (1970) reached a similar conclusion in their analysis of the 
IICl/H-O problem in the atmosphere of Venus. They point out that a cloud containing 
liquid water drops serves as a very effective HCl filter because of the negligible 
partial pressure of HCl at low solute concentrations. The time required for almost 
complete absorption of the HCl by the water drops is not known with certainty. It 
appears from the laboratory studies of Terraglio and Manganelli (19G7) of the absorp- 
tion of sulfur dioxide in water, that the maximum time required for almost complete 
HCl absorption is of the order of a few minutes. 

The average properties of the ground cloud generated during a normal 
launch are given in Table 4-2. The average concentrations of HCl and HgO were 
calculated under the assumption that zero concentration levels of these products 
existed in the ambient air. Hie total HCl and HgO contents in the table represent 
the total rocket engine emissions during the first 40 seconds of engine burn. The 





TABLE 4-2 

AVERAGE PROPERTIES OF THE GROUND CLOUD GENERATED 
DURING A NORMAL LAUNCH 


Cloud Volume 

3. 7 x 10 9 m 3 

Total HC1 Content 

6. 6 x 10 7 g 

Average HCl Concentration 

-2 -3 

2 x 10 g m 

Partial Pressure of HCl 

1 . 3 x 10* dynes cm 2 

Total H„0 Content 

1. 15 x 10 3 g 

it 

Average II^O Concentration 

3. 1 x lO -2 g m~ 3 

Cloud Temperature 

15 C 


TABLE 4-3 

PROPERTIES OF A CUMULUS CONGESTUS CLOUD 


Average Drop Diameter 

20 microns 

Average Settling Velocity 

1. 2 cm sec * 

Range of Drop Diameter 

(Log-Normal Distribution) 

7 microns - 05 microns 

Liquid Water Content 

1. 0 g m 

7 -3 

Drop Concentration 

4 x 10 drops m 

Cloud Temperature 

15 C 

1 -3 

Water Vapor Density 

1. 28 x 10 g m 

Partial Pressure of Water Vapor 

4 -2 

1. 71 x 10 dynes cm 
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average H O concentration of 3. 1 x 10 g m thus calculntetl for the ground cloud 

M 

is approximately three orders of magnitude below the saturation value for 10 C. It 
follows that the ambient humidity content must approach 100 percent before the forma- 
tion of acid mist can occur in the ground cloud. 

Wo will now consider the possibility of acid mist and add rain formation 
under the assumption that the rocket engine omissions during the first 40 seconds of 
engine burn are Injected into a cumulus congeslus cloud from which no precipitation 
is occurring. The assumed properties of tho cumulus cloud ore shown in Table 4-3 
and were obtained from data presented on pages 7-6 and 7-7 of the USAF Handbook 
of Geophysics (I960). The specific question to be answered is whether HC1 absorp- 
tion by the water drops in the hypothetical cloud, as an isolated process, is capable 
of producing precipitation from the cloud. 

Whether or not precipitation will result is largely dependent upon the drop's 
fall speed. Table 4-4 gives the terminal velocities for drops of various diameters. 
This table shows that an 80- to 100-micron drop can be expected to fall out of the 
cloud as drizzle (the cloud is assumed stable for drops of 7 microns to 65 microns) 
taking 5 minutes to 10 minutes to fall 100 meters. 


The water drops in the cloud will grow if a vapor pressure gradient is 

created toward the drops. The gradient can be calculated using Paoult's Law in 

Physical Chemistry (see, e. g. , Lange, 1952) which states that the vapor pressure 

of an aqueous solution is reduced in proportion to the molar concentration of the 

solute, if M << M , this law may be approximated by 
it w 



* 1 


M 


w 


(4-i r 


where c g is the saturation vapor pressure of water at the surface of tho drop, c^ is 
the ambient saturated vapor pressure of pure water, and M j/M is the mole fraction 
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t 


of IIC'l in solution. The ns tor isle following tho equation number indicates that the 
derivation of the equation is discussed in Appendix A. 

The quantity will approaoh an equilibrium value e f ns till the 11(31 Is 
absorbed nnd the drop prows. Tho quantity e f may also bo calculated iti dynes per 
square centimeter from tho equation 

°1 °o ” ® ~ O ^ ' 5 ) 


where the soeond term on tho right roprosents the water vapor used by a drop in 

growing from diameter a to a. The factor G, used for simplicity, is defined in 

Appendix A. Combining Equations (4-1) tuid <4-2) and solving for a (assuming 
3 3 

a « a ) results in the expression 
o 


a «* 374 



(4- 3) 4 


where n is the number of drops i>cr cubic centimeter. Using the cloud properties 
listed in Table 4-3, this expression yields a = 29 microns, e f ~ 0.97 e^, and 
Mjj » 0.04 M w (4 percent by weight HCl solution). 

Equation (4-3) shows the drop diameter to be insensitive to large changes 
in e o , Mjj, and n, forcing tho conclusion that precipitation cannot occur without 
water vapor replenishment. It is interesting to note that if all the water vapor pre- 
sent in tho cloud were to condense an the initial number of cloud drops (n - 40) , the 
resulting drops would be about 92 microns in diameter, or the size of drizzle drops. 
This implies that only about tho same amount of water vapor as originally existed 
must be supplied to tho cloud for the HCl to Induce drizzle. 

Wc will now consider tho growth of cloud drops if a plentiful supply of 
water vapor is available; i.e. , tho ambient saturated vapor pressure c q remains 
constant during the growth process. In order to isolate the effect of IIC1 absorption. 
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wo shall use ft simplified version of the equation describing drop growth by condensa 
Uon together with Itnoult's Law. The oquntion for drop growth may hi written no 


a 




( 4 - 4 ) * 


whore ft Is a eoeffleient Inversely dependent upon temperature mid 


1 


M 

M 


U 


w 


(A- 5) 



is Itnoult's Law (a rearrangement of Kquation (4-1)). 

A simplified expression for drop diameter its a function of time t eon bo 
derived by substituting Kquation (4-5) into Kquation (4-4) and by assuming that a 
fraction f of tho IIC1 is absorbed at a rate sufficient to produce the most rapid drop 
growth. These steps yield 

a * 40 (4-0)* 


from which Table 4-Gis constructed showing drop growth for two values of f in an 
environment in which the supply of water vapor is constantly being replenished. 

Since the behavior of HC1 at low concentration is such that nearly all of the 
HC1 will dissolve in the initial cloud drops, drops of the order of 80 microns may be 
expected to form within 20 minutes after launch. Approximately 1, 5 hours would be 
required for drops of this size to fall to the ground from a height of 1 kilometer. If 
the air below the ground cloud is unsaturated, the drops would evaporate before 
reaching the ground. 

It is emphasized that Kquation (4-0) is also Insensitive to large changes in 
the assumed values of the cumulus cloud juici exhaust cloud parameters and, thus, 
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TABLE 4-6 

DUOr GROWTH BY CONDENSATION AFTER HC1 ABSORPTION 




Drop Concentration per cm 3 j 

Absorption of 

Time 

40 Drops 

100 Drops 

Avnllnblo IIC1 

(minutes) 

Drop DlameU 

r (microns) 

f H 1.0 

10 

07 

57 


100 

105 

90 

f !« 0. 1 

10 

44 

35 


100 

69 

55 


TABLE 4-6 

DROP SIZE FROM CONDENSATION AFTER 1IC1 ABSORPTION 


Initial Drop Diameter (microns) 

Diameter After 250 Seconds (microns) 

10 

90 

20 

92 

50 

102 


















the formation of add drizzle is extremely unlikely. However, the aloud drops will 
probably contain from 1 to 5 percent 11C1 for the lifetime of the cloud. 

In addition to drop growth by condensation, drop size may also be increased 
ns the result of coalescence. This latter process is important in the formation of rain. 
For drop growth by coalescence to occur, a large drop with a high terminal velocity 
must fall through a volume containing small drops with a low terminal velocity. The 
larger drop cnpturcs a certain percentage of the smaller drops contained in the air 
volume swept out in descent, thus increasing the diameter of the large drop. 

From the cloud properties given in Table 4-3, assuming a log-normal 
drop size distribution, the drops may be roughly separated into three size categories: 

• 10 drops of 10 microns diameter per cubic centimeter 

• 20 drops of 20 microns diameter per cubic centimeter 

• 10 drops of 50 microns diameter per cubic centimeter 

We will first calculate the drop size distribution produced by condensation resulting 
from HC1 absorption. Using Equation (4-4) for M^/M^ - 0,01 and / ic ~ 2G00 gives 

a 2 = a 2 + 2G t (4-7) 

o 

for the drop diameter produced by condensation. Tabic 4-G shows the drop diameters 
estimated from Equation (4-7) for t= 250 seconds, resulting from JICl absorption by 
the three drop size categories, It can be seen that very little difference in drop size 
exists after 250 seconds. The relative difference of drop terminal velocities in the 
hypothetical cloud is therefore not adequate to produce precipitation by coalescence. 
However, if it is assumed that some new drops are formed in the cumulus cloud, or 
that some of the original drops are unaffected by the growth process, an estimate oi 
growth by coalescence can be made for a cumulus cloud 100 meters deep. 


4 
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The equation describing coalescence growth is (Johnson, 1954, p. 221) 

V*i = Id (z 2 ' z i> < 4 ' 8) 

where z - z , the fall distance, is considered a positive number; E is the collection 
2 1 

efficiency; W is the liquid water content of the cloud; and D is the density of the 
drop. The maximum drop size expected by coalescence can be calculated from Equa- 
tion (4-10) by letting a 100 micron drop fall through the entire 400-meter depth of a 
cloud of 20 micron drops. The result is a drop diameter of 200 microns. Thus, 
even for a moderately higher water content, the contribution of coalescence to drop 
growth within the cloud appears to be minor, except for drops falling from the top of 
the cloud. 

A more appropriate model where the drops arc nearly the same size is a 
stochastic one such as described by Berry (19C7). This model produces a growth 
rate comparable to the coalescence process but transfers more water to the larger 
drops. It appeal's that for the low water content of the cumulus cloud, this process 
will also bo unimportant. The computations are lengthy and were not performed for 
this report. 
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SECTION 5 

STRATOSPHERIC HAZARD CALCULATIONS 

The fate of the rocket engine emissions released in the stratosphere, 
which is defined for present purposes as the altitude range between 
meters, is determined by three essentially distinct processes: 

• Gravitational Settling 

• Diffusion 

• Photochemical Interactions 

These processes are first discussed separately and their relative effectiveness is 
then assessed in the discussion below. 

5. 1 GRAVITATIONAL SETTLING 


It is our understanding that aluminum oxide (Al^.0 ) is released in particu- 

/ u 

late form. Thus, gravitational settling in all probability determines the ultimate fate 
of the aluminum oxide emitted. The fall velocity of particles is given by J'mge (19(53): 

w - m g(l-p/p ) q/(G tt t) r ) (f>-l) 

o O 0 

where 

m g - particle mass 

g - gravitational acceleration 

p = air density 

p a particle density 
s 

« ~ 1 + $f,(t (Cunningham’s slip correction factor) 
s 

fi - 1. 2G + 0.40 exp (-1. 10 r /;) 
f -■ mean free path 


5<i 


r = particle radius 
ri *= dynamic viscosity of the air 

Fall velocities for four different AtgOg particle sizes were calculated from this 
formula in the altitude range of 15 to 35 kilometers. The results are shown in 
Figure 5-1. The fall velocity increases essentially exponentially with altitude for 
all particle sizes, and at a given altitude increases very rapidly with particle size. 

A more informative aspect of the calculation is presented in Table 5-1, which lists 
the residence time as a function of height for Al^O^ particles of 0. 1 micron and 
1. 0 microns. In the present context, the residence time is defined as the time 
required by a particle of given size to travel from the specified altitude to the bottom 
of the stratosphere (15 kilometers). It is evident from Table 5-1 that residence 
times for the smaller particles (0. 1 microns) are more than an order of magnitude 
larger than the corresponding residence times for the larger particles (1.0 microns). 
Further, the time required to traverse the lowest 5 kilometers (20 to 15) is several 
times the time required to traverse the top 5 kilometers (35 to 30). Thus, the 
mechanics of gravitational settling tend to result in an accumulation of particles of 
all sizes in the lower altitude region, although of course the rate of accumulation 
varies with particle size. In this region, the particles will be transported into the 
troposphere by injection into cyclonic storms, as described by Danielson (19(»8). 

The effect on A1 0 0„ of gravitational settling will be compared with other 

A U 

redistributing mechanisms at the end ot this section. None of the reamining rocket 
engine omission products is in particulate form, and hence, they arc not subject to 
gravitational settling. 

5. 2 DIFFUSION 

To assess properly the importance of diffusion in dispensing rocket engine 
emissions in the stratosphere, one must first estimate the amount of dilution required 


FALL VELOCITY (m sec" 1 ) 



FIG T JHI Fall velocities for AlgCi.j particles. Number enclosed by paren- 

theses indicate the par! cle size in microns. 
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to reduce emission concentration to harmless values. For this purpose, the emis- 
sions will be assumed harmless when their concentrations fall below the correspond- 
ing normal ambient levels or, for products not usually found in the stratosphere, 
when their concentrations are at least an order of magnitude less than those of trace 
elements normally found in the stratosphere. 

Figure 5-2, taken from the USAF Handbook of Geophysics (1960, p. 8-3) 

shows the vertical distribution of the number density of atmospheric constituents. 

Table 5-2 lists atmospheric composition by percent. Xenon is a very minor consti- 

11 _0 

tuent at about 25 kilometers and has a number density of 10 molecules cm"' 5 . 

10 -3 

Therefore, a number density of 10 cm for the rocket engine emissions appears 
to be a very conservative hazard criterion. 

The amount of dilution of the emissions required to reach a number density 
of 10 10 cm -3 is shown in Table 5-3. The first two columns list the products and the 
emission rates in grams per meter as supplied by Thiokol. In the third column, for 
calculation purposes, the listed linear density was calculated by assuming the particles 
to be released in an infinitely thin vertical column. Thus, diffusion occurs only in a 
horizontal plane. (Although A1 O is released in particulate form, it will be treated 

£» O 

here as if it were released in molecular form, in order to unify the discussion.) 

The next column lists the number density of the exhaust products in the; inilial 
stabilized cloud for a cloud radius of 200 meters. By comparison with Figure 5-2, 
it can be seen that N and CO number densities are insignificant compared to 

A « 

ambient values and that H„0 reaches ambient values when the cloud has expanded to 
a radius of about one kilometer. These exhaust products will therefore be eliminated 
from future consideration. Ti e last three columns of Table 5-3 interpret the number 

II 

density in terms of the ladius to which the cloud must expand to reach values of 10 , 

10 10 and I0 9 particles cm 3 . These values were obtained by uniformly mixing each 
product throughout the volume. Fn.m those figures, it is reasonable to select a 
value of 50 kilometers as the required radius of dilution. 


60 



FIGURE 5-2. Vertical distribution of atmospheric constituents from surface to 250 kilometers 
(from the USAF Handbook of Geophysics, 1970, p. 8-3). 
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In order to estimate the time required for the material to reach this 
dilution radius, we adopt a simple diffusion model to illustrate what is known about 
stratospheric diffusion coefficients, which are commonly measured by measuring 
the dispersion of smoke trails, luminous trails resulting from rockets or of meteor 
trails. 


The simple case of one-dimensional flow with constant diffusivily 1), is 
described by the equation 


3n _ 0 2 n 

Ft = D F^ 


0r^ 


(5-2) 


which has the solution 


n 


exp [" - r 2 /4Dtl 
V4jrDt L J 


(5-3) 


Equation (5-3) gives the mean-square dispersion r 2 = 2Dt, although experimental 
data on cloud expansion for various conditions result in values ranging from i 2 ~t 
to r ~t . 


However, we shall use only the term exp [-r^/4Dt] to demonstrate the 

meaning of the value assigned to D since a reasonable value for r was estimated to 

be 50 kilometers. Typically, this means that the number density at this distance is 

3.0 percent of the central value. Therefore, r 2 /4Dt = 2.3 (exp [-2.3] -- 0. 1), or 

12 

solving for t for r = 50 kilometers gives t = 2. 7 x 10 /D, where t is in seconds 

, _ . . 2-1 
and D is in cm sec . 

The time required to achieve the required dilution is shown in Tabic 5-4 
for various values of D. Values of the vertical diffusion coefficient in (he stratosphere 
range from 10 3 to 10 4 cm 2 sec \ Values for the horizontal coefficient are much 
larger than this and are a function of time. 
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The* results of the previously-mentioned measurement programs, rupro- 
seated on a time scale from minutes to hours, arc shown in Figure 5-3. 'Hus scatter 
In the data is primarily due to the inherent variability of meteorological conditions 
as well as differences in measurement time scales. Figure G-4 is more pertinent 
to the present problem and shows that, for diffusion times on the order of 100 hours, 
the diffusion coefficient increases by two orders of magnitude despite the broad 
scatter of the observations. Thus, considering the sketchy information available 
and the preceding discussion, there appears to be no hazard problem in the stratos- 
phere caused by the rocket emissions— at least after a couple of days. 

5.3 CHEMISTRY 

As mentioned above, it appears superfluous to consider the chemistry of 
water vapor, molecular nitrogen and carbon dioxide in connection with the rocket 
engine emissions under consideration, since the ambient concentrations of these con- 
stituents far exceed the contribution of the rocket engine. Of the remaining emission 
constituents, A1,,0 is a stable oxide, Insoluble in water, and emitted in particulate 

u w 

form. We are not aware of any stratospheric chemical reactions affecting it. 

Most of what little is known about HC1 is contained in the report " Prelim- 
inary Air Pollution Survey of Hydrochloric Acid" (U. S. Department of Health, 
Education and Welfare, National Air Pollution Control Administration Publication 
No. APTD 69-36, October 1969). To quote from the report, "No information has 
been found on environmental air concentrations of hydrochloric acid. " In particular, 
no observations of HCl in the stratosphere exist, and no information exists ns to 
possible chemical reactions in the stratosphere. 

Almost as little is known about the atmospheric chemistry of carbon 
monoxide (CO). In particular, the reactions 
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FIGURE 5-3. Effective atmospheric diffusion coefficient D as a function of altitude. (After Baue: 
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CO + HgO 
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- C °2 + H 2 
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have been found to be much too alow to appreciably affect the CO concentration 
("Air Quality Criteria for Carbon Monoxide," U. S. Department of Health, Education 
and Welfare, National Air Pollution Control Administration Publication No. AP-G2, 
March 1970), There arc possible reactions with NO„, OH, and HO , but no defini- 
tive observational or theoretical evidence exists as to their effectiveness. To quote 
from the aforementioned report, "It must be concluded that no gaseous reactions 
have been shown to be important scavengers of CO in the atmosphere. " 


5.4 COMPARISON OF CHEMICAL, DIFFUSIVE AND GRAVITATIONAL 
EFFECTS 


An initial comparison of the relative importance of chemical, diffusive, 
and gravitational effects can be obtained from the following considerations- Let N 
lie the concentration of a constituent of interest, for which the continuity equation is 


8 N 8 9 

“ + ~ (VVN) - l)V*N = -«N (5-4) 

where 

D ~ coefficient of diffusion 
w = fall velocity 
a - a chemical rate coefficient 
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Using the simple models for diffusion and gravitational settling, we may define 


F d e - (8N/8t) diffusive « ^ (~ - l) (5-5) 

F w s N gravitational *■ ^ ~ (wN) « (5-6) 

^ (8N/8t) chemical - - a (5-7) 

C JN 


If the relevant parameters are known, a comparison of the relative importance of the 
three processes can be obtained by comparing the quantities F J)f F^, and F . For 
example, in the case of Al-O , we can compute 8w/8z quite readily. For 1 micron 


particles 


dw/dz £7x10 
£ 1x10 


-8 -1 
sec 

-6 -1 
sec 


at 15 kilometers 
at 35 kilometers 


I I my 

F /F_. (r=0) *= t — indicates that gravitational settling bo- 
wl! I 8 z 

7 ‘ 6 
comes important at t su 10 seconds at 15 kilometers and at t " 10 seconds at 35 

kilometers. This in turn indicates that the 1-micron Al^O^ population has been sig- 
nificantly diluted before gravitational settling becomes the dominant process. 

The preceding discussion indicates that some of the essential ii formation 
is currently unavailable, whereas in otluv respects reliable calculations can be made 
about the effects of rocket engine emissions. It appears from the discussion on dif- 
fusion that no credible problem exists in the stratosphere due to the low concentration 
of emission products relative to ambient trace constituents after a couple of days 
following launch. 
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APPENDIX A 


DERIVATION OF EQUATIONS FOR THE HC1 ACID MIST PROBLEM 

(Section 4. 5) 

N 

A. 1 LIST OF SYMBOLS 

A summary of symbols used in Section 4. 5 and in the derivations of the 
equations which follow is given in Table A-l. 


A. 2 DERIVATION OF EQUATIONS 


Equation (4-1), RaoulF s Law 

For application to cloud physics problems, it is convenient to write 
Raoult’s Law as 

c i M /m„ 

, _ H H 

1 ~ e i M. f /m. + M /m v 

H H w w 

where i is van’t Hoff’s factor (McDonald, 1953). For the HC1 acid drop problem, 
since the molecular weight of HC1 is twice the molecular weigh, of water and > is 
approximately 2, Equation (A-l) may be "educed to 


e 

8 

e 


1 + V M w 


(A-2) 


For weak acid solutions, M /M is a small positive number and Equation ( A-2> 

1 1 w 

may be expanded by the binomial series to give 


e 

a 

e 


« l 




(4-1) 


A-l 


i 
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TABLE A-l 
LIST OF SYMBOLS 


= drop diameter in microns 

-3 

= density of liquid water = 1 g cm 

4 -2 

= ambient vapor pressure of pure water = 1.7 x 10 dynes cm 

= saturation vapor pressure at the surface of the drop containing 
the HC1 

= van't Hoff's factor 
= molecular weight of HC1 - 36, 5 

- molecular weight of H-O = 18. 06 

- mass of HC1 per cubic centimeter = 2 x 10“ 8 g cm“3 
= mass of liquid water per cubic centimeter (g cm ) 

- number of water drops per cubic centimeter = 40 

7 -1 -1 

- gas constant = 8. 31 x 10 erg mole K 
« time 

- absolute temperature = 266 K 

- 10 ^ cm 

-3 

= ambient water vapor density - 12,8 gm 

= saturated water vapor density at the temperature of the drop 
surface 

2 -1 

diffusivity of water vapor in air - 0. 25 cm see 


The subscript o refers to t 0 (initial condition) 




ft 


Equation (4-3) 


Equation (4-3) provides a means of estimating the final drop size that 

would result from a known concentration of HC1 if the amount of water vapor is 

not replenished. We begin with Equation (4-1); let e^ be the final equilibrium 

value of the saturation vapor pressure; and express the mass of liquid water per 

3 

cubic centimeter at final equilibrium as n s a , where a is the drop 

3 

diameter and s = D ffp . 

6 


These substitutions yield 


(°r e oT 


e M,_ 
o H 

nst? 


(A-3) 


However, (he term(e f - e Q ) is also the amount of water vapor used in increasing 
the drop size from a to a. Therefore, we may write 


(V e o)“ " l ' ns ('*-.*) 


(A-4) 




where, for convenience, “ has been set * T. 

’ m 


w 

If it is assumed that a ** « a*\ Equations (A-3) and (A-4; may be 

o 


combined to yield 


6 1 ( C o M h\ 

8 ‘ 77 \~ 7 ~) 


(A- 5) 


or 


a = 


374 




(4-3) 


A-3 


Equation (4-4) 


We begin with the equation describing cloud drop growth as written 
Johnson (1954): 


by 



2 


a 




8K 

D 



(A-6) 


This equation may be changed to 

a 2 = a o 2 ♦ *e (l - f ) t 


(4-4) 


by using the simplified form of Raoul t's Law given by Equation (4-1) and letting 

(T 2 m 8K 
= vv 

p DR* T 


For the present problem, we may let T - 288 degrees Kelvin, and e - 1. 71 x *0 
dynes per square centimeter. The resulting value of 2600 for ( ie is correct 
within a factor of 2 for the range of parameters expected within the cloud. 


Equation (4-0) 


This equation is derived by first substituting Equation (4-5) in 

2 2 

Equation { i-4) and then assuming « a to obtain 


2 

a * 



t 


(A -'<) 


Using the fact that 


3 




D n 7 tm 
6 


3 

a 


and substituting Equation (A-8) into Equation (A-7) gives 


5 

a 


6 fie M 
*o H 

3 

D irp 



where the quantities outside the parentheses are held constant. Letting f 
( 0. 1 - f - 1) represent the fraction of gaseous HC1 absorbed by the liquid 
water and solving for a yields 


a - 



M 

3~ 


H 




where Be- 2G00 and M„ = 2 x 10" 8 g cm" 3 . 
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I. INTRODUCTION 

NASA's office of Manned Space Flight is currently studying 
two booster concepts for the space shuttle system: (1) the pump- 

fed ballistic recoverable booster with an expendable pressure- 
fed booster and (2) the solid-propellant recoverable (or expend- 
able) booster as "thrust augmenter" for the orbiter. The Thlokol 
Chemical Corporation, Wasatch Division, is developing solid- 
propellant propulsion systems that can be used in either of two 
modes: 

1. Series Burn Mode: The booster consists of a cluster of either 

five or six 120-in. -diameter motors or three 156-in. -diameter 
motors. These motors are arranged as shown in Fig. 1. The 
booster engines fire simultaneously; the orbiter takes over at 
liftoff and ascent, until after separation. 

2. Parallel Burn Mode: Four 120-in. diameter or two 156-in. 

diameter motors are mounted symmetrically on the sides of the 
orbiter propellant tank (Fig. 2). The booster motors and or- 
biter engines fire simultaneously. 

In either case, the orbiter engine uses liquid hydrogen/oxygen 
as propellant. The booster units are driven by a solid propel- 
lant whose exhaust product contains COj, C0 2 , HCjt, H 2 0, II 2> and 
N in gaseous form, and Aj£ 2 0 3 in either liquid or solid form. 


One important consideration in the solid-propellant propul- 
sion concept is the noise generated. In the following, we predict 
both the- nearfield and the farfield noise produced in both the 
series and the parallel burn modes. 
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II. JET AND ROCKET NOISE PREDICTION 


A. Rocket-Exhaust Flow 


In general, the rocket-exhaust characteristics that influence 
the radiated sound are determined primarily by the rocket engine- 
configuration, the dynamics of combustion and flow within the 
engine, and the ambient conditions. Rocket-exhaust character- 
istics vary over the flight regime of a launch vehicle: When 

the rocket engine fires on the launch pad and immediately sub- 
sequent to lift-off, the exhaust jet contracts in response to 
an ambient pressure that is higher than the pressure in the 
exit plane of the rocket engine. As illustrated in Fig. 3a, 
this overexpanded nozzle condition (or, equivalently, under- 
expanded jet condition) creates - within the flow - shock cells 
that continue to repeat in the downstream direction. Viscous 
effects modify this flow, slowing it to a subsonic turbulent 
jet. During this process, shock-dependent noise-producing 
mechanisms are present. 


As the rocket gains altitude, the engine design condition 
is reached - l.e., ambient and exit plane pressures are sub- 
stantially identical (see Fig. 3b). The flow is essentially 
shock-free (very weak shocks may actually be present because 
of second-order effects), and the mechanisms of noise genera- 
tion dependent on shock interactions essentially vanish. 


As the launch vehicle climbs and passes into a region for 
which the engine nozzle is underexpanded, the ambient pressure 
continues to decrease. As shown in Fig. 3c, the exhaust jet 
expands immediately downstream of the nozzle exit plane and 


i 
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generates a shock cell structure in a manner similar to the 
over-expanded nozzle conditions. Again, the shock— dependent 
noise-producing mechanisms are present. 

The exhaust continues to expand with increasing altitude 
and such phenomena occur as a shock wave detached from the 
exhaust and attached to the vehicle. However, for these condi- 
tions, vehicle speed is typically supersonic and the atmosphere 
is quite rarified; therefore, this regime is unimportant with 
regard to sonic excitation. 


B. Noise-Generating Mechanisms 

The aerodynamic properties of a rocket— exhaust jet are 
intimately related to its acoustic behavior. A subsonic, jet 
consists of three distinct flow regimes (Pig. 4): a mixing 

region (with a potential core and a highly Intense, surround- 
ing, shear layer), a transition region, and a fully developed 
region. The process of the turbulent mixing of the high-speed 
exhaust with the surrounding medium represents the dominant 
noise source of subsonic jets. 


A supersonic jet lias a complex flow field, providing a 
multitude of noise sources. Figure b schematically illus- 
trates - in more detail than Fig. 3 “ the flow field of a 
supersonic jet. The most important distinction between sub- 
sonic and supersonic Jet flow is the occurrence of oblique 
and normal shock waves in the supersonic flow. Figure S 
Illustrates an underexpanded jet condition, such as exists 

at lift-off. 
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Figure 6 illustrates several well-known noise sources In 
rocket exhaunt flows: 

I. . Inut; abilities In the combustion prone an may result In a 
fluctuating inaua flow through the nozzle of the online. This 
monopo'lo typo of nolae aoureo behaves much an if the entire 
exit plane of the nozzle w°re a plat on which move a hack and 
forth rapidly. 

2. Lip nolae in generated when vortices or intense turbulence 
pauaoa through the noaxle and interacts w:1 th the nozzle lip, 
generating fluctuating forces on this nozzle lip; this mechan- 
ism la a dipole source of noise. 

3* The subsonic mixing region of slightly supersonic jets Is 
the moat important mechanism of noise generation. This source 
of noise is associated with the fluctuating velocities created 
when the Jet mixes with the ambient air. As moat of the energy 
of a supersonic Jet is lost in the subsonic mixing region, 
this noise source may be dominant even In supersonic Jets. 

A. Mach wave radiation, which results because the air in the 
jet Is moving supersonically with respect to the ambient air, 
is completely analogous to the shock waves which are a char- 
acteristic of a supersonically moving body. Mach waves may 
be important sound generators, particularly in hot jets. 

‘J. Shock-turbulence interaction nolae is the last source of 
noise generation. The normal shocks associated with an under 
or overexpanded supersonic Jet are normally very stable and 
do not generate sound. However, noise may be generated when 
a density o *• temperature fluctuation associated with turbulence 
passes through the pressure discontinuities associated with the 


A 
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stationary shocks. (Thin discussion excludes "Jet; screech", 
which in a very singular and distinct type of noise result; log 
from a severe Instability . ) 

Figure '( shown the radiation efficiency of the various 
noise sources illustrated in Fig. 6, plotted against jet Mach 
number. The radiation efficiency la proportional to the 
first power of the Mach number for fluctuating mass flow 
noise, to the third power for lip noise, to the fifth power 
for subsonic mixing nolae, and independent of Mach number for 
Mach wave radiation. 

Mach wave radiation is the dominant source of noise for 
large rockets where the exhaust is highly supersonic and very 
hot. The ahock-turbulence noise source has been studied very 
little and its radiation efficiency is not known. 

It should be noted that implicit In Fig. 7 is the well- 
known dependence of the acoustic power of monopole (fluctuat- 
ing mass flow), dipole (flow/rigid body interaction), and 
quadropole (turbulent mixing) sources upon the fourth, sixth 
and eighth power, respectively, of the flow speed V. Since 
the Mach number contains a V-term, multiplication of this 
number by V s from the jet kinetic energy term [l/2pV 3 A] yields 
the stated dependences. 

As evident from Fig. 7, subsonic mixing noise (for a super- 
sonic exhaust jet) i3 the dominant noise source for exhaust 
Mach numbers of 1 to 3, In which range the sound producing 
turbulent eddies are still convected at subsonic speeds. 

Above a Mach number of 3, these eddies are convected at super- 
sonic speeds, and the Mach wave radiation becomes the dominant 
noii.e source. 
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The efficiencies (ratio of acoustic to mechanical jot power) 
shown In Fig. 7, have been substantiated experimentally. For 
lari”/.? rocket engine a It has been found that up to 1% of the 
Jot’s kinetic energy la radiated an sound. 

The above discussion Illustrates the complexity of super- 
sonic jot noise generation and radiation. For this reason, 
attempts at predicting supersonic jet noise on a purely theo- 
retical basis have not been very fruitful, and corresponding 
empirical or seinl-empirieal prediction schemes have been 
developed. 


C. Empirical Prediction Schemes 

Far field doise 

We consider here only the noise from large supersonic rocket 
exhausts. Empirical prediction schemes are based on data from 
measurements taken over the last 15 years. 

It has been found that for modern large-scale rocket-exhaust 
flows a fraction of the kinetic energy is converted and radiated 
as acoustic energy. The ratio of the acoustic to kinetic 
nergy — l.e., the acoustic efficiency — depends basically on 
the exhaust speed, as qualitatively indicated in Fig. 7 . 

Modern large boosters convert up to 1% of their mechanical 
energy into acoustic energy. 

To determine the overall sound power radiated from a rocket 
exhaust flow, one simply calculates Its kinetic energy W m 

W - 0.676 T V , (i) 
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where W * kinetic energy (watt), T «* thrust (lb), and V * 
exhaust velocity (ft/oec). Then, one assumes an acoustic 
efficiency n, which for large boosters - such as those con- 
templated for the shuttle — i3 between 0.5 and 1$. 

Hence, the overall acoustic power W a is calculated 

W a ~ n W m ' (2) 

The acoustic power level L w is defined as 

L = 10 log — (3) 

w 10 “ lz 

with W„ in watts, 
a 

The spectral distribution of acoustic power can be pre- 
sented in nondlmensional form by plotting the power in each 
octave band, referenced to the overall power level, as a func- 
tion of a nondlmensional Strouhal frequency 

S - f D/V (*0 

where f = octave band center frequency, Hz , D = nozzle exit 
diameter (ft), and V = exit velocity (ft/sec). A nondlmensional 
power spectra 13 shown in Pig. 8. 

The sound power spectrum is converted into a sound pressure 
spectrum at a distance R by assuming spherical spreading of 
acoustic energy. If both observer (at distance R) and sound 
source are located on the ground, then radiation occurs Into 
a half sphere, with an area 

A « 2ttR 2 . 


t 
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If the source In at altitude h, then radiation occur a into a 
spherical space, with a cut-off segment; its area is given by 

A * 2nR(R+h) , 




aa Illustrated In Fig. 9* The sound pressure level 
relates to the sound power level (PWL) spectrum as 

SPL (f) « PWL (f) - 10 log f+ 10.5 


(.jPL) spectrum 
(5) 


where SPL (f) = octave band sound pressure level at center fre- 
quency f, dB, PWL (f) « octave band sound power level at center 
frequency f, dB, and A ■ area (ft 2 ) , as defined above. 

As evident from Eq. 5, sound pressure decreases as 1/R^ “ 
i.e., with 6 dB per doubling of distance. However there is 
additional attenuation due to atmospheric absorption. This 
attenuation is frequency dependent, and can be obtained from 
Table I. 


TABLE I. EXCESS ATTENUATION DUE TO ATMOSPHERIC ABSORPTION IN 
dB PER 1000 FT DISTANCE 


Frequency, Hz 
1 
5 

10 

50 

100 

500 

1000 


Attenuation, dB/1000 ft 
0.02 
0.05 
0.08 
0.15 
0.3 
0.8 
1.0 
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Jet and rocket exhaust flow noise In highly directive. In 
general, moat of the energy will ho concentrated In the apace 
between 50 ° and 70° from the exhaunt flow centerline. 

The effect of directivity can be expressed in nondlmons Iona I. 
form as a "directivity index" va the angle to the exhaust flow 
direction (Fig. 10) . Each frequency, normalized with the ratio 
of exhaust diameter and flow speed, has its own directivity 
curve. The directivity index, in dB, la then added to the 
space-averaged value of the sound pressure level at the given 
location. It should be noted that the angle a under which the 
observer sees the source is complementary to the angle 0 
(used in Fig. 9), the directivity angle of interest with 
respect to the exhaust flow. 

The frequency of the acoustic signal for a distant observer 

differs from the original frequency due to the Doppler effect. 

Simple geometric considerations show that the frequency at the 

observer f must be corrected with the forward speed of the 
P 

vehicle U, and the angle 0 between the exhaust flow direction 
and the observer; thus, 

f U " (c + U cosO 

Near field Noise 

The most practical general method for predicting the noise 
field near rockets is the source location method, summarized in 
Ref. 1 for straight exhaust flows, and applied to deflected 
flows in Kef. 2 . This method considers that the source of 
rocket exhaust noise in a given frequency band is confined to 
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u limited rollon of’ the oxnuust stream, arul asaigna positions 
and strengths to the sources in terms of their dimensionless 
Rtrouhal frequency on the basis of empirical data. 

Ho forenoon 2 and 3 present plots of the ratio x/J> versus 
fJ)/V where x is the distance of the noise source aft of the 
exit plane (along the flow axis), D Is the effective nozzle 
exit diameter, * f is the center frequency of the band of 
interest, and V is the exit velocity of the flow. Such plots 
may be used to predict the source locations. 

Similarly, one may obtain estimates of the strengths of 
these sources from plots of the dimensionless spectrum function 
UV/poW D versus fD/V, ouch as appear in Ref. 3 and (in somewhat 
different form) in Refs. 2 and 4. Here, G(f) is the spectrum 
function (which Is proportional to the acoustic power radiated 
by the source per unit bandwidth), p is the density of the 
ambient air, c is the velocity of sound in that air, and W m 
is the mechanical power of the exhaust flow (which one may 
readily determine from the thrust and maos flow rate, or from 
related information). 

One one has determined the source locations and strengths, 
one may readily estimate the acoustic pressures at any given 
point by taking account of the appropriate geometry and assuming, 
that the mean-square sound pressure varies Inversely as the 
square of the distance from the source. 


•I? or single nozzles, the effective diameter is equal to the 
actual diameter. For multiple nozzles, the effective diameter 
is that of a single nozzle that would pass the total flows. 
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The dime mi Ion loon source-locution and spectrum function 
plotn given in Kefs. ?.-h are baaed on rather old data, which 
were obtained from rockets that are oma.13 by current launch 
vehicle standards. Fortunately, M3FC has recently undertaken 
an analysis of all available Saturn V data, and has developed 
corresponding source-location and spectrum functions. Test 
calculations have shown that use of those new functions permits 
one to calculate sound pressures that agree rather well with 
corresponding experimental data. These new functions [1], 
extrapolated toward lower Strouhal frequencies in accordance 
with trends illustrated in Kefs. 2-<1 , are used for the present 
predictions . 
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III. 1HIQKQL ENGINE NOISE PREDICTION 


A. Shuttle Conf 1 yuratl ons 

For the serins burn and the parallel burn eonfigurnt lens 
shown in Finn. 1 and 2, the following prod. I ctlons will be 
restricted to the 156-ln. diameter engines. 


In predicting noise from a narrowly spaced cluster of 
engines, one must consider the clustered engines as ono engine, 
with an effective nozzle diameter 


D 


eff 


/n * D 1 


> 


where n la the number of (closely spaced) engines and the 
no a ale diameter of each engine. 

Thus, In the parallel burn situation, we have treated the 
four orblter engines as ono engine of twice the diameter of the 
individual engines, while the booster engines - being separated 
by about 50 ft - were considered as radiating independently. 

In the serieo burn situation, the three booster engines were* 
treated as one of 1.7 times the diameter of the individual 
engines. These assumptions are considered valid for farflold 
noise predictions where the sound from axl engines "merge". 


B. Engine Parameters 

The following parameters were used for the calculations: 



booster 

Orblter 

NokkIg Exit Diameter (ft) 
Weight Flow (lb/sec) 

Ex hau ; 5 1 hpeod ( f t / se c ) 
Thrust (lb) 

12 Jl 
8889 
8000 

2.2 x IQ 6 

6 .42 
115*1 
9500 

0.2 x 10* 


12 


I 



Report No. 2326 


Bolt Reranek and Newman I n c . 


C. Farfleld Noise 

"S 

Hr pi on ttUPtl 

The mechanical power ol 1 3 clustered booster engines 1 s 
W ” ^ ^ .LO 9 watt . 

For an an sumod acoustic efficiency of 

n = O.G$ , 

the overall acoustic power Is 

W = 215 x 10 6 watt 
ac 

However, since 1/3 of the exhaust flow has condensed by the time 
it loaves the nozzle, one can assume that only 2/3 of the exhaust 
flow is actually participating in the noise fluctuation process. 

Hence, the acoustic power must be reduced by 1/3, yielding 

W = 1*13 x 10 6 watt 
ac 

or, in terms of sound power level 

L w « 201.5 dB re 10“ 12 watt 

The octave band sound power level spectrum is shown in Fig. 11. 

An effective diameter of 21.5 it was used for the cluster 
of three engines. For purposes of comparison, the spectrum 
from a single engine is also shown in Fig. 11. Figure 12 
presents the sound pressure level spectra for the following 
condition!-. . 
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Observer distance 
at ground level 
(miles ) 

."buttle 

Flight Altitude 
(feet) 

1 

1 

100 to 1000 

a 

5 

100 to 1000 

3 

1 

10,000 

4 

5 

10,000 


-s 


Source directivity anil atmospheric absorption were accounted 
for. A frequency shift due to the Doppler effect is negligible 
for flight altitudes up to 1C00 ft. At 10,000 ft altitude 
(vehicle speed about 500 ft/sec), frequencies change for a 
ground-located observer by a factor of 0.73 at a 1-mile ground 
level distance and by 0.88 at a 5-inlle ground level distance. 

Parallel Burn 

Following steps similar to those described above gives the 
sound power level spectra for the two separated booster engines, 
and the four clustered orblter engines shown in Fig. 13. Found 
pressure level spectra are shown - again for four different 
distances - in Fig. 14. 

Shuttle Configuration on Launch Pad at Ignition 

Two additional effects must be considered for the shuttle 
on the launch pad. First, the exhaust flow impinges on either 
a flame splitter or an exhaust deflector. In the former case, 
the exhaust flow is divided evenly into two portions, streaming, 
horizontally In two opposite directions. In the latter case, 
the entire flow is deflected in one horizontal direction. The 
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launch configuration for the shuttle employe a flame do fled. or , 
rnuult.1 ng In a nonrot at tonally symmetrical directivity pattern 
In the wound plane. 


f'oeond, In addition to the attenuation canned by spreading, 
thorn to "excess attenuation" over the .ground. A ground-located 
observer at some distance will thus ho exposed to Levels that 
are substantially reduced by ground absorption. However, us 
always, wind and temperature gradients affect the propagation 
characteristics , and it is next to Impossible to predict, with 
any accuracy, acoustic levels in a ground-to-ground situation 
over large distances. 

Using Pig. 15, we will attempt to predict the sound pressure 
level spectra at one- and five-mile radii for the launch configu- 
ration at Ignition - i.e., at zero altitude. Figure 15 provides 
the excess attenuation over and above the spreading attenuation. 
Prom this figure, we read for frequencies below MO Hz, typical 
excess attenuations of 12 dB for a one-mile radius and 8 dB for 
a five-mile radius. 


It has been found that, In comparison to undeflected 
exhaust flow, sound pressure levels are about 7 dB higher al- 
locations facing the deflected exhaust stream and about 7 dB 
lower at locations away from the deflected exhaust stream. 

Hence, we take the sound pressure level spectrum that would 
exist at one- and five-mile radii for the shuttle several hundred 
feet above the ground, there is (a) no exhaust deflection and 
(l>) no excess ground attenuation, and apply the following 
correct 1 ons . 
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Correct 1 on , 

dll 

Distance from 
haunch fad 

1 mile 

b ml ler. 

Facia#; Def looted 
Kxhaust Flow 

-If + 7 ■ -b 

-<! t y "1 

Away from Deflected 
Kxhaust Flow 

-12 - 7 ■ -19 

-8 - 7 » -lb 


Figures 16 and 17 show the wound level spectra, for the 
abut tie on the launch pad at the Instant of ignition, for ground 
distances of 1 and 5 ml lea, f acini; and away fro.;. Vho deflected 
stream. It Should be re-emphasized that thit data is vdH only 
for the shuttle on the launch pad. An soon a: the n • 1 tic 
clear a the tower, the effect of exhaust d* ') '.’fcion «:v' jgreu »d 
attenuation disappears, and levels,, o at served from a distance, 
will quite suddenly Increase to those presented in FIrs. 12 
and .111. 


The-e is an Indication that exhaust deflectors decrease 
the total acoustic power of a rocket exhaust flow by about ‘3 dU 
at the spectral peak and by as much as 10 dB one decade below 
the spectral peak. Due to the uncertainty of the actual deflec- 
tor configuration, the levels in Flfjs . 16 and 17 were not 
adjusted for this effect. 

The accuracy of the farfleld noise data for the shuttle on 
the launch pad is estimated to be no better that + 10 to lb dll, 
due to the many unknowns that affect near-t;round propagation. 
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D. Nearfield Noise 

Figures 18 and 19 show the results of near field prediction 
calculations for the series and parallel-burn modes, roopec- 
tlvely. For both of these cases, the booster nozzle exit plane 
was assumed to bo 87 ft above a flame splitter (wedge-shaped 
flame deflector), approximating the Saturn V launch configura- 
tion at NASA/KSC Launch Complex 39* For each of the two modes, 
calculations were carried out for two locations on the orblter — 
at the crew compartment location (near the orblter 's nose) and 
at the cargo compartment location (near the midpoint of the 
orbiter's upper surface). For each of the two modes, two flight 
conditions were considered: The full-thrust condition just 

prior to lift-off, where the exhaust impinges on the flame 
splitter, and a condition where the vehicle has risen high 
enough above the launch pad so that the exhaust essentially ex- 
tends straight out behind the vehicle. 

For the series burn mode, in which only the solid-propellant 
engines fire, the flame splitter was assumed to split the exhaust 
into two oppositely directed horizontal streams of equal size. 

For the parallel burn mode, the flame splitter was assumed to 
direct the orblter engine exhaust in one direction (horizontally, 
in the direction of the orbiter fin) and the solid-propellant 
motor exhaust in the other. 

As evident from Figs. 18 and 19 , the acoustic environments 
of the cargo and crew compartments are similar, because their 
distances from the noise sources do not differ by significant 
factors. Only at the highest frequencies, for which the noise 
sources are located very near the nozzle exit planes, is there 
any noticeable effect. 
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similarly, the dif forenoon between tin: "on pad" and Llio 
”nftor li ft-of f’" conditions are irislgnl f I cant. . The create: a 
differences hero occur around the middle of the range Indicated 
In the figure. The 1 owe at frequency sources are no far away 
from the exit plane that the turning of the exhaunt ntroam barely 
affect n their dlntancen from the observation points on the 
vehicle surface. The highest frequency sources, on the other 
hand, are so near the exit plane that they are still in the un- 
deflected exhaust stream; thus, the location of these sources, 
with respect to the vehicle, does not change as the vehicle lifts, 
off. 


Changes in the effective frequencies and sound propagation 
distances occur as the vehicle gains speed. However, for vehicle 
Mach numbers that do not exceed 0.2, these changes are negligible 
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APPENDIX A - EFFECT OF SOME GEOMETRIC AND GAS DYNAMIC PARAMETERS 
ON ROCKET NOISE GENERATION AND RADIATION 

In relating a sound power to a mechanical power (of the 
exhaust stream), one avoids the need to consider individual 
gar, dynamic and geometric parameters of the rocket engine, 
although these undoubtedly affect the exhaust flow. In the 
following, we will briefly discuss the effect of pressure ratio 
and temperature on jet noise. 

1, Nozzle geometry and pressure ratios — A nozzle is designed 
to operate optimally at a particular pressure ratio. In this 
case a certain exhaust Mach number will occur, which 
(together with the weight flow) determines the thrust of the 
rocket motor. The thrust together with the exhaust speed 
determines the kinetic energy, a fraction of which is radiated 
as acoustic energy. 

If the nozzle geometry (i.e. , the ratio of the thrust to 
the exit area) is not correct for a given pressure ratio, or 
equivalently, if a nozzle is operated at a nondesign pressure 
ratio the jet will either under or over-expand whereby shock 
waves occur, which in conjunction with turbulence generate 
sound. Shock waves by themselves, which are qua 3 i-stationary , 
would not generate noise. It should be noted that a (slight) 
off-design operation of rocket-engine nozzles is the rule, 
rather than the exception, since the ambient pressure for 
an ascending rocket changes continually. 

Exhaust temperature - The empirical prediction scheme 
advanced in the bulk of this report was based on data from 
existing large boosters. Exhaust temperatures of such boosters 
are always of the same order, and, within the possible accuracy 
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of noise prediction it Is unnecessary to consider temperature 
effects for this class of boosters. 

Model tests on subsonic and supersonic Jots, conducted by 
GE several years ago, indicate that for constant thrust and 
velocity the total acoustic power emitted from the jet boinr, 
Independent for temperatures between *l!50 o R and 3000°K. 
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NON-DIMENSIONAL ROCKET EXHAUST NOISE SPECTRUM. 
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FIG. 11 OCTAVE BAND SOUND POWER LEVEL 
SERIES BURN CONFIGURATION. 


SPECTRA. 


OCTAVE BAND CENTER FREQUENCY (Hz? 
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pig. 12 


OCTAVE BAND SOUND PRESSURE LEVEL SPECTRA. 

SERIES BURN LAUNCH CONFIGURATION ON LAUNCH PAD. 


OCTAVE BAND CENTER FREQUENCY (Hz) 
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.15 EXCESS ATTENUATION IN dB/km (dB/3280 ft) IN THE 
ABSENCE OF ACOUSTIC SHADOWING FOR FLOW PATH 
LENGTHS. 
























OCTAVE BAND CENTER FREQUENCY (Hz) 

























APPENDIX H 


SRM STAGE RECOVERY 


APPENDIX II - SRM STAGE RECOVERY 


This supporting technology plan is presented In three parts, 

1. Free Flight Dynamics 

2. Water Impact 

3. Environmental and Cyclic Effects 

These three elements of tho total recovery sequence which includes staging, 
free flight, captive flight, water impact (entry -submergence-rebound-slap-flotation), 
recovery, and refurbishment are considered the most critical to the 8RM Stage 
development program scheduling. The indicated programs arc required to establish 
the design requirements and/or constraints on the captive flight reentry system and 
the motor case, Beeauso of interaction between the design of these two items, long 
lead time for the case, and significant development testing for the reentry system, 
the design requirements, concepts and materials must be defined at an early date. 


1.0 SRM STAGE RECOVERY-FREE FLIGHT DYNAMICS 

1. 1 STATUS 

The anticipated mode of SRM reentry is to force the body into an autorotation 
flat spin motion. No physical testing of cylindrical models in the supersonic regions 
has been performed to date. The dynamics of spinning bodies at large angles of 
attack have been theoretically analyzed by J. E. Drunk of the Advanced Technology 
Division, Electronic Communication, Inc. , Santa Barbara, California, for the Air 
Force Office of Scientific Research, Office of Aerospace Research, Holloman Air 
Force Base, New Mexico, under Contracts AF 24(600) -2936, Project No. 78.66, 

Task No. 78535, and AF 99(638)-1158, Project No. 7856, Task 7856-01. The aero- 
dynamic characteristics of a cone-cylinder-frustrum of cone with autorotation spin 
fins at high angles of attack at supersonic speeds must be evaluated. In addition, 
the free-free dynamics of such a body must be analyzed, tested and evaluated. 

1. 2 JUSTIFICATION 

This test program is intended to develop the data required for selection of the 
system design concepts for initiation and maintenance of the autorotational mode of 
free flight. 


1.3 TECHNICAL PLAN 


1. 3. 1 Objectives 

This program should evaluate the complete aerodynamic and dynamic charac- 
teristics of the SRM configuration, aerodynamic parameters such as axial and normal 
force coefficients, pitch, yaw, and roll moment coefficients, and damping coefficients 
need to be evaluated. 

These coefficients should bo evaluated for l>ody angles of utlack from 0 to 
3.80 deg, roll attitude angles of 0 to 180 deg for various tin sizes, fin dihedral angles, 
and radial and longitudinal fin location for Mach numbers of l thru 0. It is further 
desired to evaluate the body external ballistic dominant tumble modes and spin rates 
for roentry conditions. 

1. 3. 2 Technical Approach 

To characterize the body autorotation dynamics, detailed theoretical analysis 
of the aerodynamic configuration must be performed. Verification or rejection of 
this analysis must be accomplished by model testing. Anticipated is a three phase 
testing program. The first phase would evaluate the static aerodynamic characteris- 
tics in a supersonic wind tunnel. A static balance model with forward, normal at 
projected center -of-gravity, and aft mounted sting attachments will be required. 

The test configuration should be capable of varying the angle of attack and roll attitude 
and should be capable of varying the angle of attack and roll attitude orientation. 

After the first phase static testing is complete and the data are analyzed, 
the second phase testing could be initiated. This phase would involve the supersonic 
wind tunnel testing of a spin model gimbaled and sting mounted at the configuration 
eenter-of-gravity. This test would evaluate the aerodynamic damping coefficients, 
and the dynamic spin modes at high angles of attack. The third phase would test 
the free full dynamics by use of a scale model boosted to speed and altitude with use 
of a sounding rocket. 

To assess the test results, the model must contain: (1) a beacon for use in 
radar tracking, (2) rate gyro to sense spin rates, (3) pressure transducers to 
evaluate altitude and dynamic pressure, and (4) a telemetry system to transmit the 
collected data. 

If a 1/25 scale model were used, Its size would be 53 in. long, G-t/4 in, in 
diameter and weigh 240 lb. 
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1, 4 RESOURC EB REQUIREMENTS 


1.4.1 

Manpower 

MunhourH 


Analysis - 3 men 1 year 

(1,240 


Balance motto) wind tunnel testing - 
r» mon .1 month 

807 


Spin model wind tunnel testing - 
5 mon 1 month 

807 


Sounding rocket testing - 5 men 1 month 

807 



8,841 

1.4.2 

Specialised Facilities 



Supersonic wind tunnel - AEDC 
Rocket test range - White Sands MTR 


1.4.3 

Funding 



Direct labor charge 
Equipment and materials 

$135,000 


Wind tunnel models (2) 

100, 000 


Sounding rocket (3) 

150, 000 


Sounding rocket test payloads 
models (3) 

30,000 

1. 4. 4 

Facilities 



AEDC supersonic wind tunnel 



48 hr at 4K/hr 

192, 000 


Missile range time 



8 hr at GK/hr 

40,000 


Total 

$647,000 
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Target SchecJule: SRM Stag 3 Recovery, Free Flight Dynamics 




















2. 0 SRM STAGE RECOVERY - WATER IMPACT 


2. 1 STATUS 

Analytical and experimental techniques are available that are applicable, in 
general, to the evaluation of hydrodynamic loading and structural response of an 
SRM Stage during the water impact phase at recovery. However, the adaptation of 
particular analytical techniques must be verified by model or subscale experiments. 
Then through analysis and from experimental data the requirements and/or constraints 
will be developed for the selection of structural design and reentry system concepts 
and materials selection. 

2. 2 JUSTIFICATION 

Since the recoverability and number of reuses of the SRM Stage has a sig- 
nificant impact on program cost, the critical condition of water impact on component 
survival must be studied in depth. Both the case and reentry system (chutes and, 
if required, energy absorbing or deceleration techniques) are long lead time develop- 
ment items. Hydrodynamic loadings from impact through submergence, rebound, 
slap, and flotation will be developed as a function of reentry flight dynamics. 
Structural response and failure criteria will be developed and evaluated relative to 
design concepts, materials, and constraints or requirements for reentry. 

Substantial bodies of literature are available on the water entry of various 
geometries and the response of stiffened and nonstiffened shells to hydrodynamic 
loads. Sophisticated analytical techniques have been developed for the evaluation 
of blast effects on similar structures and should be adaptable to the subject problem. 
However, as was identified in the NASA report (NAS7-394, April 1967, National 
Engineering Science Co) on "Recovery of Boosters at Sea, 11 the particular problem 
has not been studied in depth and significant experimental verification is required. 

It is understood that MSFC and some system contractors have initiated experimental 
programs of this nature. 

2. 3 TECHNICAL PLAN 
2. 3. 1 Objectives 

The objective of this program is to define the design requirements and/or 
constraints for the SRM Stage structure (case, nose cone, attach hardware, aft skirt) 
and/or the recovery system (initial conditions of water impact). Failure criteria 
for the stage structure will be established as a function of initial conditions so that 
the indicated trade study between stage and recovery system component design con- 
cepts and requirements can be performed. Inherent in this work will be the selection 
of requisite analytical and design techniques. 


t 
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2.3.2 Technical Approach 

Because of the nature of the application, the objectives of this program must 
be developed on a subscale or structurally and dynamically simulated model basis. 

The validity or aocuracy of analytic and design techniques will be verified through 
model test such that they can be applied with confidence in the definition of require- 
ments and constraints for and the design of the full scale components and systems. 

The program is planned in four major tasks : (1) analytical techniques; 

(2) subscale experiments; (3) evaluation and definition of requirements; and (4) pro- 
gram support, data, and reporting. 

Only the adaptation of existing analytical techniques and codes will be required. 
Current planning envisions the adaptation of blast effects codes such as SABRE for 
loads and elastic response predictions and the use of NASTRAN. However, other 
current and applicable work will be surveyed and evaluated. Significant consultant 
service by experts in particular aspects of the problem is planned. 

The experimental program would be conducted in two parts. Two dynamically 
simulated models and approximately 50 tests will be required to define the various 
hydrodynamic loads as a function of initial impact conditions. The application of 
instrumentation must be studied In detail to minimize a possible interaction with 
results; telemetry techniques are a possible solution. One can also postulate and 
should evaluate that the prediction of rigid body dynamics will validate the analytic 
techniques and, thus, the prediction of dynamic loads and their distribution. 

Structural response testing will require structurally simulated models and 
15 replacement components to perform approximately 50 tests. Again, instrumen- 
tation interaction may be a problem; however, the test conditions can be planned to 
close on the fixture conditions. In this manner, the limiting criteria can be 
reasonably defined. No static tests are planned since a wealth of applicable structural 
stability data exists. 

The experimental program will use existing drop tank facilities and experi- 
mental capabilities such as those as MSFC. 

Experimental results will be evaluated and the most applicable analytical 
techniques for the prediction of hydrodynamic loadings and structural response 
will be selected. Those techniques and experimental data will be used to evaluate 
the interaction between requirements and/or constraints to be applied to the design 
of stage structure and the reentry system. In turn, recommendations can be made 
on the selection of stage structure design concepts and materials. 
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2. 4 RESOURC ES REQUIRE MENTS 


2.4.1 Manpower 

The program will require 6.8 man-years of effort over fiscal year 1974. 

2.4.2 Specialized Facilities 

The program will require the use of an experimental drop tank facility such 


as that at MSFC, 



2.4.3 Funding 

Direct labor 

$155,000 


Equipment and materials 

$130,000 


Facilities 

— 


Other - Computer usage 

$ 10,000 


Consultants 

$ 50,000 


Total 


$345,000 




Target Schedule: SRM Stage Recovery, Water Impact 










3.0 SRM STAGE RECOVERY - ENVIRONMENTAL AND CYCLIC EFFECTS 


3. 1 STATUS 

While the materials under consideration for the SRM recoverable components 
are state-of-the-art, they have not, in total, been evaluated for the particular process 
and short term cyclic and environmental requirements. The tost results will be used 
to select materials and, thus, in a somewhat removed context, system design concepts. 

3. 2 JUSTIFICATION 

The recoverability and reuse of SRM components has a significant impact on 
program cost. Development program lead time constraints, particularly for the case, 
require predetermination of materials. To avoid undue design conservation the 
material characteristics for the particular conditions must be established. The 
subject materials are continually evaluated in support of various programs, but not 
necessarily for the particular conditions. 

3.3 TECHNICAL PLAN 

3. 3. 1 Objectives 

The objective of this program is to establish the effects of the particular 
SRM Stage recovery environment and reuse (short term cyclic) history on critical 
material design characteristics and then recommend the best material for each 
component. The planned goal is a minimum of 10 uses and the necessity or reproof 
testing must be established. 

3. 3. 2 Technical Approach 

The program will initiate with an indepth survey of applicable data on the 
candidate materials. Current planning includes three case materials [D6AC (200 ksi), 
18 Ni (200 ksi), HY-140] and three stage structural materials (6001-T6 aluminum, a 
standard structural steel, HY-140), The primary factors of evaluation will be cor- 
rosive mechanisms, the effect on strength and toughness, and requirement for and 
types of protection. The variables to be studied are time of exposure, component 
temperature during exposure, residual stresses, refurbishment techniques, cyclic 
effects, and inherent initial fabrication constraints. 

The testing will be so planned that the materials are evaluated for the antici- 
pated value of the variable and at a value toward either extreme. Baseline parent 
and welded material data will be established relative to the applicable processes. 
Exploratory testing will be performed relative to the mechanism and rate of material 
degradation and the value of various protective techniques. Based on the results of 
the survey, and exploratory tests, a detailed parametric test matrix will be planned 
and implemented. 
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The test results will be used to recommend tho ro'vt suitable materials for 
the motor case, nose cone, stage attachment hardware, And aft skirt. The require- 
ments or constraints on recovery and refurbishment techniques, protective coatings 
or techniques, and component retest relative to the materials studied will he deter- 
mined. 

3. 4 RESOURC ES REQUIREMENTS 

3.4.1 Manpower 

The program will require 4. 5 man-years of direct effort. 

3.4.2 Specialized Facilities 

No special facilities are required. 

3.4.3 Funding 

Direct labor $135,000 

Equipment and materials $ 75,000 

Facilities 

Other — 


Total 


$170,000 



Target Schedule: SRM Stage Recoveiy 
Environmental and Cyclic Effects 












